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PREFACE: Final POD Report Overview 

This Final Report addresses the role of the cyclin dependent kinase inhibitor p27 in the cell 

cycle arrest by antiestrogens and TGF-ß. The work is divided into six sections (TVI). 

Section I is the Introduction and reviews the basic mechanics of the cell cycle with emphasis 

on the Gl phase. This is followed by a discussion of mechanisms by which cell cycle regulators 

become altered in cancer, and the prognostic significance of such alterations. The chapter concludes 

with an overview of how antiestrogens and TGF-ß cause cell cycle arrest and the mechanisms that 

lead to antiestrogen and TGF-ß resistance. 

Section II describes the changes in cell cycle profile and cell cycle proteins that occur 

following treatment of ER positive MCF-7 breast cancer cells with estrogens and antiestrogens. 

These studies demonstrated that both p21 and p27 are key effectors of Gl arrest by antiestrogens. 

These studies have been published in Proceedings of the National Academy of Science and are found 

in the Appendix. These studies were reported in the previous Annual Report to the US Army. 

In Section III, antiestrogen resistant cell lines were studied to determine whether antiestrogen 

resistance was associated with altered p27. Only data from Figures 1 and 3 were complete at the 

time of last year's Annual Report to the Army. Evidence shown in Section III supports that 

increased active MARK levels contributed to the antiestrogen resistance and altered p27 regulation. 

In Section IV, I review work which is presently conducted by the applicant although will not 

be completed during the time in which the applicant will hold his award. We are immunostaining 

paraffin embedded, formalin fixed breast cancer tissues with both active MAPK antibodies and p27 

antibodies to determine whether MAPK activation in breast cancer is associated with p27 loss and 

antiestrogen resistance. 



In Section V, normal non-malignant and malignant breast cells were used to compare the 

effect of the antisense mediated inhibition of p27 expression on the maintance of Gl arrest by TGF- 

ß. These studies extend from our studies of the role of p27 in response to antiestrogens. These 

studies have only recently been completed, and we are in the process of submitting the manuscript. 

These data support a compensatory role for p21 and pl30 in maintaining Gl cell cycle arrest in non- 

malignant, but not malignant cells following inhibition of p27 expression. Impaired checkpoint 

controls during malignant tumor progression may alter the role of p27 from an essential to redundant 

inhibitor of Gl-to-S phase progression. 

Finally, Section VI provides a summary of this Final Report. 



Section I 

INTRODUCTION 



INTRODUCTION 

Since this Research supported by the Department of the Army investigates mechanisms of cell cycle 

regulation by estrogens, antiestrogens and TGF-ß, I will begin with a general overview of the cell 

cycle. The cell cycle is composed of four phases (see Fig. 1 and for review see1). 
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Figure 1. The cell cycle. The major mammalian cyclin-CDK complexes regulating the four cell cycle transit are shown, 
along with the CDK inhibitors involved in their kinase inhibition. While INK4 proteins act as inhibitors of CDK4 and 
CDK6, KIP family members are regarded as assemblers (activators) of cyclin D-CDK4 or cyclin D-CDK6 complexes 
and inhibitors of the remaining CDKs. 

The gaps (G) between mitosis (M phase) and DNA replication in S phase are respectively called the 

Gl and G2 phases. The Gl, S and G2 phases are collectively referred to as Interphase. Following 

mitosis, cells may exit the proliferation cycle and enter a quiescent GO phase in the absence of 

appropriate stimuli triggering further cell division cycles. Cells in GO or Gl are receptive to 

signals in the extracellular environment. In the presence of a sustained mitogenic stimulus, cells exit 

GO and progress through the Gl phase to a final commitment stage known as the "restriction point," 



or R point (see Fig 1). The R point has been defined in cultured cells as the point in the Gl phase 

beyond which growth factors are no longer needed for completion of the S, G2, and M phases. 

Passage through the R point is one of the most precisely controlled events during the cell cycle. In 

cancer cells, the deregulation of various components of the Gl cell cycle machinery results in cells 

with different degrees of autonomy from extracellular growth stimulatory or growth inhibitory 

signals, in turn making them more likely to meet the requirements for transition through the R point. 

Thus, Gl cell cycle defects, which have been identified in at least 90 % of human cancers, often 

facilitate passage through the restriction point. 

MECHANISMS OF CDK REGULATION 

Progression through the cell cycle is catalyzed by a family of serine-threonine protein kinases 

(Cdkl-10).     Cdks are subject to regulation via multiple mechanisms,  including site-specific 

phosphorylation, the binding of activator molecules known as cyclins, and the binding of Cdk 

inhibitors (for review see 2'3). 

Cdk regulation by phosphorylation 

Phosphorylation of a conserved threonine residue, located in the catalytic cleft of the kinase 

(e.g. Thr 161 for Cdkl, Thr 160 for Cdk2) is required for full Cdk activation and this is catalyzed by 

the Cdk-activating kinase (CAK) 4 or the recently identified Caklp 5. Inhibition of CAK action on, 

or CAK access to, the Cdks prevents the activating Cdk phosphorylation and leads to cell cycle 

arrest. 

Cdc25 phosphatase family members, Cdc25A, Cdc25B, and Cdc25C, remove the inhibitory 

phosphates from the Thr 14 and Tyr 15 sites on Cdks and like CAK, are also required for full Cdk 

activation (Fig. 2). The expression and activity of these phosphatases is periodic depending on the 

phase of the cell cycle. Cdc25A expression and activity is maximal at the Gl/S transition and > 
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Figure 2. CDK regulation by phosphorylation. Phosphorylation of Thr 160 by the CAK and dephosphorylation of Thr 
14/Tyrl5 residues by Cdc25 family members is essential for CDK activation. Opposing these CDK activating events are 
the KAP phosphatase and the Weel/Mytl kinase, respectively. 

contributes to the activation of Cdk2 6J. In certain cell types, Cdc25A expression is induced by c- 

myc and Cdc25A may be activated by Cdk2 via a positive feedback loop 6'8. Overexpression of 

Cdc25A accelerates the Gl/S transition, which suggests that this phosphatase controls a rate-limiting 

step needed for S phase entry 9. Micro-injection of anti-Cdc25A antibodies arrest cells in Gl. 

Cdc25B and Cdc25C are involved in the regulation of the G2/M transition and act on the cyclin B- 

associated Cdkl  10.    In addition to activating phosphorylation, Cdks are subject to inhibitory 



phosphorylation. Phosphorylation at conserved inhibitory sites (Thr 14 and Tyr 15 on Cdks) leads to 

Cdk inhibition and this is catalyzed by the WEE-1 and Myt-1 kinases (Fig. 2). 

Cdk activation by cyclin binding 

The binding of a cyclin molecule is a requirement for Cdk activation in vivo u. The cyclins 

include a family of proteins (cyclin A to H) that share a conserved sequence of about 100 amino 

acids, referred to as the cyclin box. Cyclin binding to the Cdk alters the conformation of the Cdk 

and contributes to its activation. Activated cyclin-Cdk complexes, in turn, phosphorylate various 

target proteins to ultimately mediate progression through the various cell cycle phases (Fig. 2). The 

precise timing of cyclin-Cdk activation during the cell cycle ensures that complexes are catalytically 

active only when they are needed 12'13. This is regulated by the specific subcellular localization and 

the timed expression and degradation of various cyclins and Cdk inhibitors throughout the cell cycle. 

Cyclins are also regulated at the level of transcription. In general, the peak nuclear expression of a 

specific cyclin occurs when the peak activity of the partner kinase is required, and following 

activation, the cyclins are rapidly degraded by ubiquitin-mediated proteolysis. 

Progression through Gl and into S phase is regulated by the activities of the cyclin D-, cyclin 

E- and cyclin A-associated kinases 2'14. In most cells, cyclin D-Cdk complexes are activated by 

mitogenic stimuli early in Gl followed by activation of cyclin E-Cdk2 in mid-Gl (Fig. 1). The D 

and E-type cyclins and essential for movement through the Gl/S transition: microinjection of 

antibodies to cyclin Dl 15, cyclin El 16, or cyclin E2 17 can prevent Gl-to-S phase progression. 

Overexpression of both the D-type cyclins and cyclin E can shorten the time needed to progress from 

Gl into S phase 16,18'19. 

One of the main targets of Gl Cdks is the retinoblastoma protein, pRb (Fig. 1). In early Gl, 

pRb is hypophosphorylated and bound to a member of the E2F family of transcription factors. 



These pRb/E2F complexes recruit additional molecules such as histone deacetylases to repress the 

transcription of genes whose products are required for S phase entrance, such as cyclin E and cyclin 

A as well as enzymes needed for DNA synthesis. Cyclin Dl -dependent and cyclin E-dependent 

Cdks both contribute to pRb phosphorylation during Gl-to-S phase. E2F family members dissociate 

from the hyperphosphorylated pRb, and on release, activate gene transcription. The phosphorylation 

of the retinoblastoma protein is one indicator of cell cycle progression through the restriction point. 

Cyclin A-Cdk2 activation in late Gl follows cyclin E-Cdk activation and is essential for initiation of 

and progression through S phase and for the onset of mitosis21. Antibodies to cyclin A block S 

phase entry and ectopic expression accelerates S phase entry 22. In humans, two B-type cyclins 

(cyclin Bl and cyclin B2) associate with Cdkl (also known as cdc2) to regulate entry into and exit 

from mitosis (for review see 23). The Cdc25C phosphatase plays an important role at the G2/M 

transition by regulating cyclin B-Cdkl activation and hence entry into mitosis 23. 

The Cdk Inhibitors 

In addition to phosphorylation and cyclin binding, Cdks are also subject to regulation by the 

binding of Cdk inhibitory (CKI) proteins. There are two families of CKIs: the Kinase Inhibitory 

Protein (KIP) family and the INhibitor of Cdk4 (INK4) family 24. The KIP family members, which 

include p21Cipl, p27Kipl, and p57Kip2, share homology in the N terminal Cdk inhibitory domain, and 

in vitro they can inhibit all cyclin-Cdk complexes. In vivo, KIP expression and activity is tightly 

regulated. Overexpression of either KIP or INK proteins leads to Gl arrest. Only a single KIR, 

molecule is required for cyclin/Cdk inhibition 25. The KIP protein p27 has been a focus of this work 

supported by the Department of the Army. p27 was identified in cells arrested in the Gl phase by 

the cytokine transforming growth factor beta (TGF-ß)30'31, by contact inhibition 31'32 and by the drug 

lovostatin 32-3314'34. Accumulation of p27 in cyclin E/Cdk2 complexes induces and/or maintains Gl 

arrest in response to several anti-proliferative signals. p27 plays an essential role in maintaining Gl; 
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arrest in serum starved fibroblasts35, and as I demonstrate in Section II, also in antiestrogen treated 

breast cancer cells 36. The observation that p27 knockout mice are larger than p27 wild type mice 

and have multiorgan hyperplasia further support a role for p27 in proliferative control37"39. p27 is 

largely regulated by translational controls and by ubiquitin-mediated proteolysis. The increased 

cyclin E-Cdk2 activity in late Gl leads to phosphorylation of p27 at Thr 187 40'41, allowing for 

recognition of p27 by the F-box protein Skp2 leading ultimately to the ubiquitin-mediated 

proteolysis of p27 (Fig. 3A)42'43. 
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Figure 3. Dual function of KIP family members in Gl. (a) K3P family members such as p27 act as cyclin E-CDK2 
inhibitors in GO. Phosphorylation of p27 on Thr 187 targets p27 for recognition by the F-box protein Skp2 which 
ultimately leads to ubiquitination and proteosomal degradation of p27 in late Gl. The reduction in KIP levels is required 
for cyclin E-CDK activation at the Gl/S transition. Skp2 independent p27 degradation may also occur in the early Gl 
phase, (b) In addition to their role as CDK inhibitors, KIP proteins facilitate the assembly and activation of cyclin D- 
CKD4 or cyclin D-CDK6 complexes in mid-Gl. 
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Thus, p27 acts as an inhibitor of cyclin E-Cdk2 in the early Gl, but as a Cdk2 substrate in late 

Gl11'44. Skp2 levels are low in quiescent cells (where p27 levels are high); growth factor stimulation 

leads to induction of Skp2. Skp2 overexpression in quiescent fibroblasts promotes cell cycle entry 

43'45, and antibodies to Skp2 inhibit Gl-to-S phase progression. In contrast to p27 degradation in late 

Gl, p27 degradation in early-to mid Gl appears to be independent of T187 phosphorylation and 

Skp2. Skp2-/- cells show early Gl proteolysis of p27 as do mutant T187A p27 murine knock-in 

cells. Thus, there may be at least two pathways for p27 degradation during Gl-to-S phase 

progression. 

Alterations in the KIP family members in cancer 

As negative regulators of the cell cycle, the KIP and INK4 families of Cdk inhibitors, are 

frequently targets for inactivation in cancer (for review see 87). Mutations of the genes encoding the 

KIP family members are infrequent in human tumors, but alterations at the level of KIP gene 

expression or KIP protein stability are not uncommon. The prognostic value of p21 protein levels is 

controversial in human cancer. In breast cancer, for example, a few relatively small studies have 

demonstrated an association between low p21 levels and poor prognosis, whereas other studies have 

indicated that high p21 levels may predict poor outcome. 

Of the Cdk inhibitors examined to date, p27 may have the greatest potential as a clinically 

relevant prognostic factor (for review see 88). Mutations or deletions in the p27 gene are rare in 

cancers. However, reduction in p27 protein levels has been observed in primary cancers of the 

breast, colon, lung, prostate, stomach and esophagus and its loss is associated with increased tumor 

grade. Moreover low p27 is an independent predictor of poor patient prognosis in a number of 

studies by multivariate analysis 88. The reduced p27 level in human tumors results from increased 

degradation of the protein via the ubiquitin-proteosome pathway 89. Extracts from several cancers 

with low p27 protein levels have demonstrated an elevated proteolytic capacity towards recombinant 

12 



p27. In some, but not all cases, the F-box protein Skp2 may contribute to the increased p27 

degradation. In human lymphomas, oral cancers and colorectal cancers, increased Skp2 expression 

correlates positively with the grade of malignancy and inversely with p27 levels90"92. 

In addition to reduction in KIP levels, the mislocalization of p27 within the cytoplasm was 

associated with poorer survival in Barrett's Associated Adenocarcinoma of the esophagus 93. In 3 

different studies of primary breast cancers, approximately 42 % of cancers were shown to have both 

nuclear and cytoplasmic p27 compared to only nuclear p27 in the normal breast tissue (Liang and 

S linger land, unpublished, Viglietto, unpublished and Arteaga, unpublished). In one study, 

cytoplasmic p27 was associated with higher tumor grade, and both reduced disease free and overall 

survival (Liang and S linger land, unpublished). These three studies demonstrated that oncogenic 

activation of the PKB pathway altered p27 phosphorylation causing its cytoplasmic mislocalization 

in cultured cells. Moreover, they showed a strong association between cytoplasmic p27 and elevated 

protein kinase B activity in primary breast cancers. Activation of the PKB pathway has also been 

shown to correlate with p21. In one study, this was associated with cytoplasmic mislocalization of 

p21 94, but in 2 other reports, PKB activation led to p21 phosphorylation but this was not associated 

with cytoplasmic mislocalization of the protein 95'96. The overexpression of the HER-2 receptor 

tyrosine kinase, which is seen in up to 30% of breast cancers and associated with poor prognosis, has 

been implicated in the enhanced ubiquitin-mediated degradation of p27 and the cytoplasmic 

mislocalization of p27 through activation of the MAPK and PI3K/PKB pathways, respectively. 

ONCOGENE ACTIVATION LEADS TO ALTERED PROLIFERATIVE AND ANTI- 

PROLIFERATIVE CONTROLS 

Normal cell cycle regulation requires the function of the Ras protooncogene product. Altered 

Ras expression and/or activity are common in many cancers including breast cancer, and both 

contribute to altered regulation of Gl cell cycle control.   Ras proteins are guanosine triphosphate 

13 



binding proteins that play a pivotal role in control of many cellular processes, including 

differentiation and proliferation. Ras activity is required for cell cycle progression 

Overexpression of ras in serum starved NIH 3T3 triggers cells to enter S phase; conversely 

microinjection of anti-ras antibodies in the presence of complete serum, prevents S phase entry. Ä 

key effect of ras action in late Gl is the activation of pathways that contribute to phosphorylation of 

the retinoblastoma protein. 

Mitogenic stimulation of quiescent cells from GO into S phase involves a biphasic pattern of 

ras activation: an early Gl phase involving activation of the Ras-Raf-MEK-mitogen-activated - 

protein kinase pathway (MAPK) cascade and a mid-Gl phase involving activation of the ras- 

phosphatidyl-inositol-3-kinase (PI3K)-protein kinase B (PKB) pathway60'61. Both of these pathways 

play important roles in the regulation of the cell cycle machinery (for detailed review see   ). 

Multiple Ras effector pathways regulate cyclin Dl. Activation of the ras-Raf-MEK-MAPK 

pathway activates cyclin Dl gene transcription and may regulate the assembly and activation of 

cyclin Dl-Cdk4 complexes 63. The PI3K-PKB pathway plays and important role in the post- 

translational regulation of cyclin Dl. PKB inhibits the glycogen synthetase-kinase-3-beta (GSK- 

3ß). The GSK-3ß mediated phosphorylation of cyclin Dl on Thr-286 regulates cyclin Dl nuclear 

export and cytoplasmic degradation 64'65. The PI3K7PKB pathway may also enhance cyclin Dl 

transcription and translation66. Thus, PKB activation increases cyclin Dl levels. 

Multiple ras effector pathways also regulate p27. Constitutive Ras-MEK-MAPK signaling 

has been shown to accelerate p27 proteolysis in some cell types, and inhibition of the pathway by 

pharmacological MEK inhibitors increased p27 levels and prevented S phase entry 67,68. There may 

be important differences in the contribution of MAPK signaling to p27 regulation in fibroblasts and 

epithelial cells. In some cell types, including NIH 3T3 cells, MEK activation did not reduce p27 

protein levels, but rather facilitated p27 sequestration by cyclin Dl-Cdk4 complexes 63.  In work of 
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this Report (Section III), I show that constitutive activation ofMAPK can cause resistance of breast 

cancer cells to the antiestrogen tamoxifen, in part by altering p27's phosphorylation state, leading to 

a loss of its cyclin El-Cdk2 inhibitory function l 

CELL CYCLE REGULATION BY ESTROGENS AND ANTIESTROGENS 

This Final Report addresses how estrogens and antiestrogens affect the cell cycle in estrogen 

receptor positive breast cancer cells. I also investigated how breast cancer cells become resistant to 

antiestrogens. Having provided a brief overview of the cell cycle, I will now provide a brief 

introductory review of how estrogens drive cell cycle progression in hormonally responsive breast 

cancer cells, and how these effects are opposed by antiestrogens. 

Estrogen is a potent mitogen for many breast cancer cells, and stimulates quiescent GO arrested ER 

positive breast cancer cells to enter the cell division cycle. The ability of estradiol to stimulate 

proliferation is dependent on the presence of a functional estrogen receptor (ER) (for review see101 

and Figure 4). The two estrogen receptors, ERa and ERß are both expressed in breast cancer 

tissues. 
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Figure 4. The estrogen receptor. The ERa contains several important domains. The carboxy terminal hormone-binding 
domain in region E contains an estrogen inducible transcriptional activating function known as AF-2. A second 
constitutively active transcriptional activating domain known as AF-1 is located in the A/B N-terminal region of the ER. 
Between the AF-1 and AF-2 regions are the DNA binding domain (C) and the hinge region (D). In the absence of 
estradiol, ER binds heat shock proteins in the cytoplasm 102103. Estradiol binding to the ER leads to dissociation of heat 
shock proteins (Hsp70/90) and allows receptors to homodimerize, bind to additional regulatory proteins and then bind to 
an estrogen response element (ERE) in promoter region of target genes to induce transcription. More recently it has been 
demonstrated that the ER may also bind to other transcription factors such as Sp-1, AP-1 and NF-kB to induce gene 
transcription in a non-ERE dependent manner101. 
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Several groups have shown that estrogen stimulation of quiescent ER positive MCF-7 breast 

cancer cells leads to the rapid induction of cyclin Dl and accumulation of active cyclin Dl-Cdk4- 

KIP complexes (See Fig 5). Upregulation of cyclin Dl plays an essential role during estradiol 

stimulated Gl-to-S phase progression through effects on pRb phosphorylation.   Micro injection of 

anti-cyclin Dl antibodies inhibits S phase entry in response to estradiol 104 Estrogens also 

stimulate Gl-to-S phase progression through reduction in steady state KIP binding to cyclin E-cdk2 

and activation of this kinase. In the studies to be discussed in Section II, I specifically tested whether 

the inhibition of KIP expression in ER-positive, estrogen-deprived cells using antisense 

oligonucleotides could mimic estrogen-induced cell cycle progression. 
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Figure 5. MAPK is an essential mediator of cell cycle progression. Estradiol-stimulated cell cycle entry leads to MAPK 
activation and the activation of cyclin Dl-Cdk4 complexes in early-mid Gl followed by activation of cyclin E-Cdk2 
complexes in late Gl. p27 plays an important role in the assembly and activation of cyclin Dl-Cdk4 complexes during 
Gl-to-S phase progression and inhibits cyclin E-Cdk2 during cell cycle arrest. Inhibition of MEK activity with U0126 or 
PD098059 prevents the estradiol mediated activation of these cyclin/Cdk complexes and prevents progression of cells 
from Gl-to-S phase. 
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Stimulation of quiescent cells with estradiol also leads to C-myc induction within 30 minutes. 

Inhibition of c-myc expression by antisense inhibits cell proliferation after estrogen treatment of 

MCF-7 cells 105. Inducible overexpression of C-myc leads to activation of Gl Cdks and drives 

quiescent breast cancer cells into the cell cycle 106. Thus, C-myc plays an important role in the 

estradiol-mediated activation of cyclin E-Cdk2 kinase activity. 

Antiestrogens cause breast cancer cells to undergo proliferative arrest 

Given the potent mitogenic effects of estrogen, a large number of therapeutic antagonists of estrogen 

signaling have been developed, including antiestrogens. Antiestrogens, such as tamoxifen, and ICI 

182780 (Fulvestrant, Faslodex) inhibit estrogen signaling and cause Gl arrest by directly 

antagonizing the ability of estrogen to bind the ER. Some antiestrogens such as ICI 182780, further 

inhibit estrogen signaling by reducing cellular ER levels107. Tamoxifen has been the antiestrogen of 

choice in the clinical setting for over 25 years. In patients treated for primary breast cancer, the drug 

provides up to 47 % reduction in the risk of contralateral breast cancer 108. In patients at high risk of 

developing breast cancer, tamoxifen, used as a preventative agent, reduced the risk of invasive 

cancer by up to 49 % 24. Tamoxifen and other antiestrogens cause breast cancer cells to undergo Gl 

arrest and this appears critical for their therapeutic efficacy. Although antiestrogens may induce 

both apoptosis and cell cycle arrest, it is the ability of antiestrogens to promote cell cycle arrest 

rather than apoptosis that predicts response to endocrine therapy 109,11°. The antiestrogen Tamoxifen 

has clinical benefit in some ER positive breast cancers, but not in ER negative tumors 108,U1. 

Although the absence of ER predicts for antiestrogen resistance, loss of ER is not a major 

mechanism for the development of antiestrogen resistance in ER positive breast cancers; 

Approximately 30 % of ER positive breast cancers will show initial non-responsiveness to 

antiestrogens. Unfortunately, ER positive metastatic cancers that do respond to tamoxifen almost 

invariably become resistant.    Tumors that are initially antiestrogen sensitive but progress to a 

17 



resistant state do not show loss of ER expression in the majority of cases.   Cell cycle deregulation 

may be central to the acquisition of an antiestrogen resistant phenotype. This is reviewed in Section 

II and III of this Final Report. Such cell cycle defects may not only to lead to tamoxifen resistance in 

breast cancer cell lines but may also contribute to the development of resistance to multiple anti- 

proliferative stimuli.     For example, Herman et al showed that certain tamoxifen resistant breast 

cancers were resistant to the growth inhibitory effects of both TGF-ß and retinoic acid112. 

Antiestrogen treatment of breast cancer leads to a decrease in cyclin Dl protein levels and 

inhibition of Cdk4 and Cdk6 activities.   Cyclin Dl downregulation may be essential to the arrest 

mechanism since in some models, the inducible overexpression of cyclin Dl abrogates the ability of 

breast cancer cells to maintain cell cycle arrest in the presence of antiestrogens U3'114. C-myc is an 

additional   Gl   regulator   whose   deregulation   may   contribute   to   antiestrogen   resistance. 

Overexpression of c-myc leads to a failure of MCF-7 cells to maintain growth arrest in the presence 

of antiestrogens115. Several groups showed that antiestrogen-treatment of ER positive MCF-7 breast 

cancer cells leads to the accumulation of p21 and p27 in cyclin E-cdk2 complexes and kinase 

inhibition. In studies to be presented in Section II, I investigated whether p21 and p27 are required 

for the anti-proliferative effects of antiestrogens. 

,f 

Cross-talk between the ER and MAPK signaling pathways 

Although it has long been appreciated that ER acts as a nuclear transcription factor, the activated ER 

can also activate various signal transduction pathways within minutes of ligand binding in a manner 

independent of its transcriptional activator function 116.   Migliaccio et al showed that estradiol 

activates MAPK activity via an ER-Src/Shc/Ras pathway (see Fig 6 and U7).    MAPK is a potent 

mediator of estrogen signaling and drives the progression of cells out of Gl into S phase.   Several 

groups, including our own, have shown that estradiol stimulated cell cycle entry is inhibited by the 

MEK inhibitors U0126 and PD098059118'119.   Although these pathways are normal mediators of 



Figure 6. Non-genomic signaling by the ER. In addition to binding DNA and acting as a ligand activated transcription 
factors, the ER can activate MAPK. MAPK activation involves the binding of Src to the ligand activated ER and 
activation of Shc-Grb2-Sos-Ras- MAPK signaling. 

estrogen signaling, their constitutive hyperactivation in breast cancers may oppose antiproliferative 

signals that normally cause cell cycle arrest in Gl. Hyperactivation of MAPK is observed in 70% of 

breast cancers, and has been correlated with poor response to tamoxifen therapy and decreased 

survival 120'121. Jn Section III of this report, I tested whether constitutive MAPK activation is a direct 

cause of antiestrogen resistance in a tissue culture breast cancer model. 

In addition to estradiol, MAPK activity is increased following stimulation of quiescent breast 

cells with several other mitogens, including EGF, PDGF, IGF-1. These pathways 'cross-talk' with' 

the ER leading to its phosphorylation and ligand independent activation. EGFR activation can cause 
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MAPK to phosphorylate the ER at Ser 118 in the AF-1 domain in vitro 122J23. The pp90Rskl kinase, 

a downstream target of MAPK, can also phosphorylate and activate ER by phosphorylation at Ser 

118 and Ser 167 (123'124 and Fig 6). 

MAPK activity is essential for Gl-to-S phase progression. In MCF-7 breast cancer cells, 

MAPK signaling may play a role in the estradiol mediated upregulation of cyclin Dl expression 

36,125,126 Since MAPK has been shown to activate cyclin Dl in fibroblast models, MAPK 

activation following ligand-mediated ER may also facilitate the transcriptional upregulation of 

cyclin Dl 127. In fibroblasts, MAPK activation may play an important role in regulating the 

assembly of active cyclin Dl-Cdk4-KIP complexes63,128. In several cancer cell lines and fibroblast 

models, MAPK signaling regulates the cellular abundance of p27. Ras activation leads to p27 

degradation in a MAPK dependent manner in some tissue culture models, and in a PI3K/PKB 

dependent manner in other cell lines 68,129. In addition to affecting p27 levels, active MAPK has 

been shown to mediate the sequestration of p27 into active cyclin Dl-Cdk4 complexes and thereby 

relieve cyclin El-Cdk2 inhibition in fibroblasts. In vitro phosphorylation of p27 by MAPK was 

shown to reduce its ability to bind and inhibit cyclin E-Cdk2 130. However, it remains to be shown 

whether MAPK is a direct p27 kinase in vivo. 

MAPK activation in breast cancer may also lead to the phosphorylation and stabilization of 

c-myc131, thus facilitating the ability of myc to transcriptionally upregulate several Gl regulators, 

including cyclin Dl and cyclin D2 132,133. Although activating ras mutations are infrequent, Ras 

overexpression occurs in about 70 % of breast cancers and contributes to altered responsiveness of 

breast cancer cells to external growth stimuli (for review see134). Dickson et al and Sukumar et al 

showed that oncogenic ras overexpression in MCF-7 cells led to estrogen independence in vitro 

135,136 Rag can activate a number of pathways including MEK-MAPK, and PI3K-PKB (See Fig 7). 

Ras activates raf-1, a serine threonine kinase that can directly phosphorylate many targets, including 
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the downstream MAPK kinase (MEK) which in turn can phosphorylate MAPK on threonine and 

tyrosine. Activated MAPK is a Ser/Thr kinase that can hypophosphorylate several nuclear 

transcription factors, including myc, elk and pp90Rsk. 

Deregulated receptor tyrosine kinase signaling is associated with MAPK activation and 

antiestrogen resistance 

Although estrogens drive cell proliferation via the activation multiple pathways including the 

MAPK pathway many ER positive breast cancers no longer depend on estrogens to proliferate. The 

establishment of estrogen independent proliferation by breast cancer cells may occur via the 

upregulation of signaling pathways that mimic estrogen signaling. Not surprisingly, many such 

pathways activate MAPK signaling, and constitutive activation of many of these pathways may 

contribute to antiestrogen resistance. 

MAPK activation in human breast cancer may result from oncogenic activation of upstream 

receptor tyrosine kinase signaling and may alter the response of cells to estrogens and antiestrogens. 

In the following discussion, I briefly review how deregulated signaling via the epidermal growth 

factor receptor (EGFR) and HER-2/ErbB2 may contribute to constitutive MAPK activation and 

antiestrogen resistance in breast cancer. There are four ErbB receptor tyrosine kinases that may be 

expressed by normal and malignant breast epithelial cells, ErbBl (EGFR), ErbB2 (HER-2/neu), 

ErbB 3 and ErbB4. Activation of any of the ErbB receptor family members may lead to homo- or 

heterodimerization with other ErbB family members although ErbB2 has been shown to be the 

preferred heterodimerization partner for all activated ErbB family members137. Once activated, 

ErbB receptors become phosphorylated on tyrosines, and these phosphotyrosines serve as docking 

sites for SH2 domain containing effector proteins 138, which in turn may stimulate Ras activation. 

About 30 % of breast cancers overexpress EGFR and this is associated with poor prognosis, 

loss of the ER m and loss of estrogen responsiveness 14CU41.   Several studies have shown that EGFR 
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overexpressing MCF-7 lines are antiestrogen resistant 142'143 and patients with cancers expressing 

high levels of EGFR are less likely to respond to hormonal therapy. The long term culture of MCF- 

7 cells with the antiestrogen ICI 182780 led to increased EGFR and ErbB2 expression and increased 

TGF-alpha secretion144. Ligand independent ER activation via constitutive EGFR activity could 

theoretically contribute to antiestrogen independence. However, in vivo, the upregulation of ErbB 

receptors does not appear to occur as an adaptive response in patients treated with tamoxifen. Newby 

et al showed that there was no change in expression of ErbB2 or EGFR in patients before and after 

treatment with tamoxifen 145, and that low expression levels of ErbB2 and EGFR prior to initiating 

treatment was sufficient to predict tamoxifen effectiveness. Thus, acquired overexpression of ErbB 

receptors during Tamoxifen treatment is unlikely to be major mechanism of antiestrogen resistance. 

The ErbB2/neu/HER-2 receptor is overexpressed in 10-35 % of breast carcinomas and 

associated with poor prognosis 146>147. Although HER-2 overexpression can mediate antiestrogen 

resistance in tissue culture and in vivo mouse models, there are conflicting reports regarding the 

relationship between HER-2 status and hormone sensitivity. Some groups have shown no evidence 

for poorer response of HER-2 patients to tamoxifen in patients with advanced disease148'149. 

However, others showed a strong correlation between HER-2 overexpression and ER loss 15°. 

Upregulation of ErbB2 signaling in MCF-7 by transfection of ErbB2 leads to tamoxifen resistance 

151"153. ERB2 overexpression activates MAPK 154"156). Two recent studies have shown a correlation 

between HER-2 overexpression and reduced p27 levels in primary human breast cancers157'158. In 

Section III, I show that constitutive MAPK activation resulting from MEK or HER-2 overexpression 

mediate antiestrogen resistance, at least in part, through functional inactivation ofp27. 

CELL CYCLE ARREST BY TGF-ß 

In Section V, I describe studies we undertook following our observation that p27 was essential 

for Gl arrest by antiestrogens.  Specifically, we investigated the role of p27 in the cell cycle arrest 
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by Transforming growth factor-beta (TGF-ß). Like antiestrogen resistance, resistance to TGF-ß is 

common in malignant breast cancer cells. Normal breast cells however are exquisitely sensitive to 

TGF-ß. Although not in the original statement of work, we undertook these studies alongside our 

studies ofp27 in antiestrogen resistance. We are pleased to report that these studies show that p27 is 

a key effector of Gl arrest not only in antiestrogen treated breast cancer cells, but also in malignant 

breast cancer cell as well. TGF-ß mediates Gl cell cycle arrest by inducing or activating Cdk 

inhibitors, and by inhibiting factors required for Cdk activation. The following reviews general 

mechanisms contributing to cell cycle arrest by TGF-ß. 

TGF-ß is a potent inhibitor of mammary epithelial cell proliferation 159-160 and regulates 

mammary development in vivo 16U62. Mammary specific overexpression of TGF-ß in transgenic 

mice can induce mammary hypoplasia and inhibit tumorogenesis 163,164. While normal human 

mammary epithelial cells (HMEC) are exquisitely sensitive to TGF-ß 165, human breast cancer lines 

require 10-100 fold more TGF-ß to produce an antimitogenic response and some show complete 

loss of this effect166. While loss of growth inhibition by TGF-ß in human cancers can arise through 

loss of TGF-ß production or through mutational inactivation of the TGF-ß receptors and Smad 

signaling molecules see 167, these defects are not observed in most arrest-resistant cancer lines. This 

observation, and the frequent appearance of resistance to more than one inhibitory cytokine in 

human tumors 168, underline the importance of the cell cycle effectors of growth arrest by TGF-ß as 

targets for inactivation in cancer. 

TGF-ß inhibits phosphorylation of the retinoblastoma protein 

Cells are sensitive to TGF-ß during a discrete period in early Gl, until they reach the 

"restriction point" 6-10 hours following GO release 169-170. When TGF-ß is added after this critical 

time point, cells complete the cell cycle, but arrest in the subsequent Gl phase. Laiho et al observed 
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that TGF-ß inhibits pRb phosphorylation when it is added in early Gl 169. This key observation 

suggested that TGF-ß was acting prior to the Gl/S transition to inhibit an Rb kinase and led to the 

investigation of TGF-ß effects on cell cycle regulators 30'17(M72. These studies have shown that 

TGF-ß prevents or inhibits Gl cyclin-Cdk activation through multiple mechanisms leading to pRb 

dephosphorylation (see Figure 1). E2F activity is also impaired by TGF-ß through a decline in E2F 

mRNA levels 173. The observation that E2F overexpression can prevent TGF-ß mediated arrest, 

underlines the importance of TGF-ß's effects on pRb and E2F 173. 

TGF-ß downregulates c-myc 

In many cell types, TGF-ß causes a rapid inhibition of c-myc transcription 160>174'175. 

Transcriptional regulation by the c-myc protein is required for Gl-to-S phase progression. 

Downregulation of c-myc by TGF-ß is believed to be important for arrest, since c-myc 

overexpression causes TGF-ß resistance 160'176.   Repression of the c-myc gene by TGF-ß may 

1Tl I "7R 1 *7Q 
directly or indirectly contribute to the loss of Gl cyclins ' , to downregulation of Cdc25 A and 

to the induction of the Cdk inhibitor, pl5 I8° . 
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Figure 7. Mechanisms of cell cycle arrest by transforming growth factor (TGF)-ß and their deregulation in cancer. TGF- 
P receptor activation leads to Smad2 phosphorylation. Phosphorylated Smad2 then binds Smad4 and the Smad2-Smad4 
complex translocates to the nucleus to modulate transcription. Although pl5 and p21 genes are induced and c-myc and 
Cdc25A repressed by TGF-ß, these may not be direct effects of Smad2-Smad4 action (dotted lines). TGF-ß inhibits Gi 
cyclin-cyclin-dependent kinases (Cdks) by increasing p27 (+/-p21) binding to cyclin E-Cdk2, thereby inhibiting 
retinoblastoma protein (pRb) phosphorylation. Components of the TGF-ß effector pathway that are mutated and/or 
functionally inactivated in human cancers; **molecules whose activation or overexpression may contribute to TGF-ß 
arrest resistance. 

Effects on Gl/S cyclins 

TGF-ß causes loss of Gl cyclins in a cell type dependent manner. Cyclin A expression is 

downregulated by TGF-ß in most cell types 171'181 and a TGF-ß regulated region of the cyclin A 

promoter has been identified 182. Effects of TGF-ß on cyclin E differ among different cell lines. For 

example, in HaCat keratinocytes, TGF-ß decreases both mRNA and protein levels of cyclin A and 

cyclin E, while in HMEC, cyclin E mRNA is reduced but protein levels are not 17U81. Although 

cyclin Dl levels are decreased by TGF-ß in some cell types, this usually occurs late as a 

consequence of arrest 183,184 
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Cooperation between pl5 and p27 

In epithelial cells, including HMECs, the INK4 and the KIP proteins collaborate to inhibit D- 

type cyclin- and E-type cyclin-Cdks to bring about Gl arrest by TGF-ß 51>51-185. p15,NK4B was first 

cloned as a gene upregulated by TGF-ß 50 and its induction involves an Spl site in the promoter 186. 

TGF-ß induces pl5lNK4B and stabilizes the pl5 protein, leading to pl5 binding and inhibition of 

Cdk4 and Cdk6. Cyclin Dl and KIP molecules dissociate from Cdks 4 and 6, and p27 accumulates 

in cyclin E-Cdk2 complexes inhibiting the latter5U85. A late downregulation of cyclin Dl and Cdk4 

follows Gl arrest. TGF-ß appears to actively regulate p27's affinity for its targets, independent of 

pl5 function, favoring p27 accumulation in cyclin E complexes5I. 

Effects on Cdk2 phosphorylation 

TGF-ß also regulates Cdk2 phosphorylation. In MvlLu cells, TGF-ß inhibits Cdk2 in part 

by inhibiting phosphorylation on Thr 160 17U72. p27 can inhibit CAK access to cyclin bound Cdks 

in vitro 192. Thus, TGF-ß may prevent CAK action by increasing the binding of p27 to cyclin E- 

Cdk2. However, in HepG2 cells, TGF-ß inhibits the enzymatic activity of Caklp 5, indicating ah 

alternative mechanism for TGF-ß's inhibition of Thr 160 phosphorylation of Cdk2. 

Dephosphorylation of inhibitory Cdk sites by Cdc25A is required for Gl progression cyclin 

E-bound Cdk2 and is required for Gl-to-S phase progression 193. In a human breast epithelial line, 

TGF-ß reduced Cdc25A expression associated with an increase in inhibitory Cdk phosphorylation 

I79. The effect on Cdc25A expression may be secondary to TGF-ß's repression of c-myc, since in 

some cell types, Cdc25 A is induced by c-myc 8. 

LOSS OF TGF-ß MEDIATED Gi ARREST IN CANCER 

In non-transformed epithelial cells, TGF-ß causes Gl arrest through downregulation of c- 

myc, inhibition of the Gl Cdks and hypophosphorylation of pRb.   Overlapping or redundant cell 

cycle controls assure growth arrest.  However, in malignantly transformed cells, this redundancy is 
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often lost and carcinoma-derived cells are usually refractory to growth inhibition by TGF-ß 

Indeed, in advanced cancers, TGF-ß may promote tumor growth and metastatic progression. In this 

section, we review how deregulation of many different cell cycle mechanisms abrogate TGF-ß 

arrest in cancer (see Figure 2). 

Altered Cdk inhibitor expression and function 

Deregulation of the INK4 family may contribute to TGF-ß resistance in cancer. In human 

tumors, deletion of pl5 often accompanies pl6 deletion due to their proximity on chromosome 

pp 194-196 silencing of pl5 through promoter hypermethylation, observed in leukemias, is associated 

with loss of TGF-ß sensitivity 197>198. However, in other TGF-ß resistant cells, pl5 protein levels 

may increase normally, indicating that, at least in these lines, a functional pl5 is not sufficient to 

mediate arrest by TGF-ß i88. 

While pl5 and p27 cooperate to inhibit the Gl cyclin-Cdks in normal cells, neither of these 

Cdk inhibitors is essential for Gl arrest by TGF-ß. pl5 is clearly not essential for TGF-ß-mediated 

Gl arrest, since cells bearing p!5 deletions can respond through upregulation of p21 and p27 184>188; 

or downregulation of cdc25 A I79. Lymphocytes from p27 null mice can still arrest in response to 

TGF-ß 39. Although TGF-ß leads to an increase in cyclin E-cdk2 bound p27 in a vast majority of 

cell types, it is not clear whether p27 is required for TGF-ß-mediated cell cycle arrest. In studies to 

be presented in Section V of this Final Report, I show that the requirement for p27 in Gl arrest by 

TGF-ß differed between normal and transformed (malignant) breast cells. In normal cells, 

multiple redundant pathways cooperate to mediate arrest, but in cancer cells, the progressive loss of 

other checkpoints may make p27 indispensable for TGF-ß mediated Gl arrest. Thus, altered p27 

regulation may contribute to TGF-ß resistance in cancer cells. 

c-myc activation and TGF-ß resistance 
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TGF-ß arrest resistant cells often fail to downregulate c-myc m. Moreover, oncogenic 

activation of c-myc, seen in a number of human malignancies including breast cancer, may impair 

TGF-ß responsiveness through several or all of the mechanisms discussed in earlier sections of this 

section. 

c-myc overexpression may increase Gl cyclin levels, c-myc may indirectly regulate the 

expression of cyclins Dl, E and A 177J78. c-myc induction of cyclin Dl or D2 may lead to the 

sequestration of p27 and p21 away from cyclin E/Cdk2 and thus contribute to cyclin E-Cdk2 

activation 132J33. However, these effects, best demonstrated in fibroblast lines, may not be relevant 

to TGF-ß resistance. In MvlLu cells, c-myc overexpression prevents arrest by TGF-ß in part by 

inhibiting pl5 induction 18°. c-myc effects on D-type cyclin expression and cyclin D/Cdk4 complex 

formation were not sufficient to account for loss of the TGF-ß response. Thus, repression of pl5 by 

c-myc may be important in the arrest resistant phenotype. 

Additional mechanisms link c-myc with cyclin E-Cdk2 activation. Overexpression of c-myc 

can induce a heat labile factor that binds p27 and inhibits its association with cyclin E-Cdk2 55. This 

effect is independent of p27 degradation. Although in some cell types, cyclin Dl and D2 may be the 

c-myc-induced inhibitors of p27 1JZ^UD
I in other models, the c-myc induced inhibitor of p27 appears 

to be a protein other than D-type cyclins 55. 

Oncogenic activation of c-myc may lead to Cdc25A overexpression and loss of TGF-ß 

mediated repression of Cdc25A 179. Overexpression of Cdc25A is observed in primary breast 

cancers and is associated with a poor patient prognosis. The increased Cdc25 A may represent one of 

the checkpoints whose disruption makes subsequent disruption of p27 function more critical during 

breast cancer progression. 

Activation of ras and its effector pathways and TGF-ß resistance 
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Overexpression of activated ras has been shown to abrogate the antimitogenic effects of 

TGF-ß 207. Mutational activation of ras is common in many human cancers and may be linked to 

TGF-ß resistance through a number of mechanisms. Activated Ras can interfere with TGF-ß 

signaling by altering Smad2 phosphorylation and signal transduction 208. Moreover, Ras activation 

can increase cyclin Dl levels through both transcriptional and post-translational mechanisms 

63,209,210 £ag activation aiso accelerates p27 degradation 68'130, and in some models also requires co- 

expression of Myc 67. Oncogenic activation of different ras effector pathways may abrogate p27 

function 68>211
3 contributing importantly to TGF-ß resistance. 

In summary, TGF-ß induced Gl arrest occurs through induction of pl5 and p21 genes, 

repression of the c-myc, Cdc25A, cyclin E and A genes and an increase in the association of pl5, p21 

and p27 with target Cdks. Inactivation of Gl cyclin-Cdks leads to pRb dephosphorylation and E2F 

inhibition. These mechanisms are summarized in Figure 7. 
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Section II (BODY) 

Downregulation of p21WAF1/Cipl or p27Kipl abrogates antiestrogen mediated 

cell cycle arrest in human breast cancer cells 

A version of this section is published in Proceedings of 
the National Academy of Sciences with the DOD awardee as co-first author and is 

appended in appendix III 
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SUMMARY OF DATA REPORTED IN LAST YEAR'S ANNUAL REPORT TO POD 

Last year I reported that in MCF-7 breast cancer cells, estrogen stimulated cell cycle 

progression through loss of kinase inhibitor proteins (KIPs), p27 and p21, and Gl cyclin-Cdk 

activation. Treatment with antiestrogen drugs, Tamoxifen or ICI 182780, caused cell cycle 

arrest, with up-regulation of both p21 and p27 levels, an increase in their binding to cyclin E- 

Cdk2 and kinase inhibition. The requirement for these KIPs in the arrests induced by estradiol 

depletion or by antiestrogens was investigated using antisense. Antisense inhibition of p21 or 

p27 expression in estradiol-depleted or antiestrogen-arrested MCF-7 led to abrogation of cell 

cycle arrest, with loss of cyclin E-associated KIPs, activation of cyclin E-Cdk2 and S phase 

entrance. These data demonstrate that depletion of either p21 or p27 can mimic estrogen- 

stimulated cell cycle activation and indicate that both of these KIPs are critical mediators of the 

therapeutic effects of antiestrogens in breast cancer. These studies were reported in last year's 

Annual Report. 
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SPECIFIC INTRODUCTION TO SECTION II 

Estradiol is mitogenic in up to 50% of de novo breast cancers, causing recruitment of 

quiescent cells into Gl and shortening the Gl-to-S phase interval 212-213. While 70% of breast 

cancers express the estrogen receptor (ER), only two thirds of these will respond to 

antiestrogens, of which, Tamoxifen is the most widely used 214'215. Antiestrogens, such as 

Tamoxifen, its active metabolite, 4-hydroxytamoxifen (4-OH TAM) and the more potent 

steroidal antiestrogen ICI 182780 (Faslodex) lead to a G0/G1 arrest in susceptible ER positive 

breast cancer cells 216~219. Unfortunately, hormonally responsive breast cancers invariably 

develop resistance to antiestrogens despite the continued expression of wild type ER in most 

cases 220"223. Estrogens induce conformational changes in the ER, which promote its nuclear 

localization, dimerization and function as a ligand activated transcription factor 224"226. in 

addition, ligand binding to the ER can rapidly and transiently activate signal transduction 

pathways, notably the mitogen-activated protein kinase (MAPK) in breast cancer and in other 

cell types ' . Since antiestrogen resistance usually develops in the presence of an intact ER, 

the mechanisms whereby ER modulates the cell cycle may be altered during breast cancer 

progression. The evolution of prostate cancer to hormone independence also occurs without loss 

of the androgen receptor 228'229 and may reflect a common mechanism of cell cycle 

misregulation. 

Progression through the cell cycle is governed by a family of cyclin dependent kinases 

(Cdks), whose activity is regulated by phosphorylation 4, activated by cyclin binding 2,n and 

inhibited by the Cdk inhibitors of the INK4 family (pl6INK4A, pl5INK4B, pl8, pl9) and KIP 

family (p21WAF-1/CIp-', p27Kipl, and p57KIP2) 1U3°. Passage through Gl into S phase is regulated 

by the activities of cyclin D-, cyclin E- and cyclin A-associated kinases. Although p27 protein is 

strongly expressed in normal mammary epithelial tissue, decreased levels of p27 protein in 
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primary breast cancers are correlated with poor prognosis 231-232 and steroid independence 231. 

Reduced p21 levels have also been associated with a poor prognosis in some breast cancer 

studies ' ' . Expression of the ER, a good prognostic factor in breast cancer, is associated 

with higher levels of both p21 and p27 proteins 231>233-235. Our observation that loss of p27 was 

strongly associated with hormone independence 231 stimulated our investigation of the role of 

these KIPs in cell cycle effects of estrogen and antiestrogens in breast cancer cells. 

While recent reports correlate estrogenic stimulation with activation of cyclin E-Cdk2, 

some suggest the importance of the Cdk inhibitor p21 236'237 and others emphasize a role for p27 

. An understanding of how estrogens and antiestrogens influence the cell cycle and the 

mechanisms of their alteration in cancer progression may facilitate the development of new 

hormonal treatments for breast cancer and other hormone dependent cancers. The present study 

provides evidence that both p21 and p27 play essential roles in the cell cycle arrest of breast 

cancer cells by antiestrogens. 

How does estradiol affect the cell cycle profile of MCF-7 

We found that estradiol stimulates a shift of KIP proteins from cyclin E-Cdk2 into cyclin Dl- 

Cdk4. Estradiol stimulation of steroid deprived, quiescent MCF-7 breast cancer cells induced 

synchronous cell cycle re-entry. S phase entrance was detected by 12 hours, with the peak % S 

phase cells at 24 hours (Fig. 1 A). 

How do the levels of cell cycle regulator change following addition of estradiol? 

The levels of cyclin E, Cdk2, and Cdk4 remained constant and pl5INK4B protein levels fell as 

cells moved into Gl. MCF-7 cells do not express pl6INK4A due to deletion of this gene 243. 

Cyclin Dl was not detected in quiescent cells, but rose within 3 hours of estradiol addition and 
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Figure 1. Losses of p21 and p27 during estradiol stimulation of quiescent MCF-7 cells. 
Quiescent, estradiol depleted MCF-7 cells were stimulated by re-addition of 10 nM estradiol and 
samples taken at intervals thereafter. (A) Cell cycle synchrony was determined by dual BrdU /PI 
pulse labeling and flow cytometric analysis. (B) p21 and p27 immunoblots revealed levels of 
these proteins during cell cycle progression. (C) p27 protein was assayed by 
immunohistochemistry in asynchronous cultures and at the indicated times (hrs) after estradiol 
stimulation of quiescent MCF-7 as described 231. 

34 



remained constant thereafter. p21 and p27 protein levels fell by three and five fold, respectively 

by 24 hours (Fig. IB). Immunohistochemical analysis of p27 supported the immunoblotting data 

(Fig. 1C). Estradiol depleted, quiescent MCF-7 cells showed strong nuclear p27 staining that 

was notably reduced by 6 hours after addition of estradiol and barely detectable above 

background by 12 hours as S phase entrance began. 

How does the binding of p21 and p27 to cvclin E-cdk2 and cyclin D-cdk4 change during 

estradiol mediated Gl-S progression? 

The pattern of binding of p21 and p27 to Cdk4 and Cdk2 complexes differed during 

estradiol stimulated cell cycle progression in MCF-7. Cdk4 bound p27 was abundant in 

estradiol-depleted cells and increased in parallel with the increased assembly and activation of 

cyclin Dl-Cdk4 between 3 to 9 hours after estradiol addition (Fig. 2A and B). Cyclin Dl- 

dependent kinase activities and cyclin Dl binding to Cdk4 were reduced by 12 hours and 

undetectable by 16 hours. Although p21 protein was elevated, very little p21 was detectable in 

Cdk4 complexes in quiescent MCF-7. As for p27, cyclin Dl-Cdk4 assembly was accompanied 

by increased p21 binding, in keeping with the function of p21 and p27 as positive regulators of 

cyclin Dl-Cdk4 assembly 46'47. While cyclin D2 and Cdk6 are detectable in MCF-7, cyclin Dl- 

Cdk4 has been shown to be the major D-type cyclin dependent kinase in these cells ' . In 

contrast to their pattern in cyclin Dl complexes, activation of cyclin E-Cdk2 following estradiol 

stimulation was correlated loss of p27 and p21 from cyclin E-Cdk2. Cyclin E-Cdk2 activation 

was correlated with S phase entrance (Fig 2B and C). 

How do the cell cycle regulators change following antiestrogen treatment? 
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p21 and p27 bind and inhibit cyclin E-Cdk2 on interruption of mitogenic ER signaling. To 

further investigate cell cycle regulation by estrogen, ER signaling was interrupted in 

asynchronous MCF-7 cultures in three ways: by treatment with the pure ER-antagonist ICI 

182780, by the addition of antiestrogen 4-OH TAM, or by steroid depletion. All induced 

quiescence, with the S phase fraction falling from 29-36% to 1-5% over 48 hours with a 

corresponding increase in the % cells in G0/G1 phase (data shown for ICI 182780 in Fig. 3). p21 

and p27 proteins increased, as did their binding to cyclin E-Cdk2, in parallel with kinase 

inhibition (Fig. 3B). Although levels of cyclin E-bound Cdk2 were unchanged, there was an 

accumulation of the slower-mobility, non-CAK activated Cdk2, lacking threonine 160 (Thrl60) 

phosphorylation. The pattern of increase in p21 and p27 and of their binding to cyclin E during 

estradiol depletion and 4-OH TAM arrest were similar to that shown for ICI 182780 in Fig 3B. 

The loss of cyclin Dl observed during antiestrogen treatment would lead to dissociation of KIPs 

from cyclin Dl complexes and foster KIP inhibition of cyclin E-Cdk2 244>245. 

Are p21 and p27 essential for Gl arrest by antiestrogens in MCF-7? 

These data and earlier work support the notion that estrogens and antiestrogens work 

through changes in p21 and p27 levels. Foster et al showed that p27 immunoprecipitation 

depleted significantly cyclin E-Cdk2 inhibitory activity from serum and amino-acid starved 

MCF-7 cells 238. Others showed that most of the cyclin E-Cdk2 inhibitory activity in Tamoxifen 

or ICI 182780-arrested MCF-7 was removed by immunodepletion of p21. However, 

immunodepletion of both p21 and p27 was required to fully deplete cyclin E from arrested cells, 

indicating that cyclin E is bound to either p21 or p27 in an ER-blocked arrest state 236'237>244. 

These authors proposed that the estradiol-stimulated up-regulation of cyclin Dl served to 

sequester p21 away from cyclin E complexes leading to activation of cyclin E and pRb 
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Figure 2. Different patterns of KIP binding during cyclin Dl-Cdk4 and cyclin E-Cdk2 activation. 
Cdk4 (A) and cyclin E (C) immunoprecipitates (IP) from cell lysates recovered at intervals after 
re-addition of estradiol to steroid-depleted MCF-7 cells were resolved and analyzed by 
immunoblotting   with   the   indicated   antibodies.       Cyclin   Dl   (B)   and   cyclin   E   (D) 
immunoprecipitates were assayed for kinase activity 
stimulation of quiescent MCF-7. 

257 at intervals (hrs) following estradiol 
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Figure 3. p21 and p27 proteins increase during G0/G1 arrest by ER blockade. Asynchronously 
growing MCF-7 cells were treated with the ER blocking drug ICI 182780 (Faslodex) at time 0 
ürs and samples collected for flow cytometry or protein analysis at times indicated (hrs). (A) Cell 
cycle distribution before and 48 hrs after drug treatment. (B) Lysates were analysed by 
immunoblotting with the indicated antibodies. Cyclin E immunoprecipitates were 
immunoblotted for associated p21 or p27 or analyzed for associated histone HI kinase activity as 
in 257. Similar results were obtained for arrests with 4-OH TAM or following transfer to 
estradiol-depleted, charcoal stripped serum. 
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phosphorylation. However, none of these earlier studies definitively established a requirement 

for p21 and p27 in cell cycle arrest by antiestrogens. To test directly whether p21 and p27 play 

essential roles in the cell cycle arrest following blockade of ER signaling in MCF-7 cells, we 

used antisense oligonucleotides to inhibit p21 (ASp21) or p27 (ASp27) expression in cells 

arrested by ICI 182780, 4-OH TAM or estradiol depletion (data shown for ASp27 in estradiol 

depleted MCF-7 in Fig 4). A G-clanip heterocycle modification, a cytosine analog that clamps 

on to a guanine, was designed to enhance antisense/RNA interaction and showed increased 

antisense oligonucleotide potency over the C5 propynyl-modified oligonucleotides used in 

earlier assays 241,242. Within 1 hour of transfection, ASp27 treated cells showed a four-fold 

reduction in p27, but no loss of p21 (Fig 4A) and p27 levels reached a nadir at about 6 hours 

post-transfection. The ASp21 oligos showed a similar specificity with no immediate loss of p27. 

Metabolic pulse labeling of ASp27 transfected cells showed specific inhibition of p27 synthesis 

but no effect on p21 protein synthesis at 1 and 21 hours after completion of the transfection (Fig 

4A). 

Treatment with ASp27 lead to hyperphosphorylation of pRb and pi30, CAK 

phosphorylation at Thrl60 on Cdk2 (Fig 4B), loss of p27 binding to cyclin E-Cdk2 and Cyclin 

E-Cdk2 activation (Fig 4C and D), all consistent with stimulation of Gl-to-S phase progression. 

Similar findings were observed for ASp21 treated cells. ASp21 treatment of cells arrested by 

estradiol-depletion, 4-OH TAM, or ICI 182780 showed loss of p21 and loss of p21 from cyclin 

E-Cdk2 with activation of this kinase accompanying S phase entry (not shown). These effects 

were not observed in the MSM and lipid control groups. Results shown are representative of up 

to 3 repeat experiments. It is notable that ASp27 treated cells showed late downregulation of 

p21 at 21 hours post-transfection. Metabolic labeling of ASp27 transfected cells showed 
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Figure 4. Requirement of p27 for cell cycle arrest by estradiol depletion. (A) Estradio 1-depleted 
MCF-7 cells were lysed before (left lane) or one hour after exposure to lipid only (L), ASp27 
(AS) or MSMp27 (MSM) and immunoblotted for p21 and p27. Before and at 1 and 21 hours 
after ASp27 transfection, cells were metabolically pulse labeled with 35S-methionine and p21 
and p27 immunoprecipitated from lysates containing equal TCA incorporation. The position of 
metabolically labeled p27 is indicated by an arrow. A non-specific band, migrating close to p27 
was present in all lanes, including the control non-specific IgG lane. (B) Immunoblotting shows 
cell cycle regulatory protein levels before (left lane) or 21 hours after transfection of lipid alone 
(L), ASp27 or MSMp27. Cyclin E immunoprecipitates (IP) were recovered from the same 
lysates as in B above and (C) immunoblotted to detect associated proteins or (D) assayed for 
cyclin E associated histone HI kinase activity. (E) Flow cytometry 21 hours after transfection 
with ASp27, lipid alone or MSMp27. 
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persistent specific inhibition of p27 synthesis at 21 hours, but no inhibition of p21 synthesis as 

cells were entering S phase. Thus the reduction of p21 protein is not due to inhibition of p21 

synthesis by the ASp27 oligo. Rather, the ASp27-induced inhibition of p27 synthesis was 

sufficient to move cells out of quiescence and the subsequent loss of p21 most likely reflects the 

changes in post-translational regulation of p21 leading to its degradation at the G-to-S phase 

transition 246. Data in Fig 4 A-C, for ASp27 treatment of ICI 182780-arrested cells, are similar to 

results for ASp27 treatment of cells arrested by estradiol depletion or 4-OH TAM (not shown). 

Despite the continued blockade of ER signaling, ASp21 or ASp27 transfection stimulated cell 

cycle entry of cells arrested by steroid depletion, 4-OH TAM, or ICI 182780, with an S phase 

fraction of 21%-26 % at 21 hours (or 15 hours after reaching minimum levels of the AS-targeted 

KIP protein, Figs 4E and 5) and 29-36 % at 28 hours post-transfection. Thus, ASp21 or ASp27 

was sufficient to mimic the effect of estradiol on Gl-to-S phase progression in MCF-7 cells. 

These data indicate that a key effect of ER signaling is to relieve KIP-mediated inhibition of 

Cdk2. 

ASp27 not only inhibits p27 synthesis, but would also lead to an increase in p27 

degradation. As cyclin E-Cdk2 is liberated from bound p27, it then phosphorylates remaining 

p27 molecules on Thrl87, accelerating thereby p27 degradation 40-41-247. Moreover, the 

activation of cyclin E-Cdk2 is autocatalytic through activation of Cdc25A by cyclin E-Cdk2 6'7. 

Thus, a relatively small initial reduction in p27 can stimulate a significant loss of p27 from 

cyclin E complexes. 

While breast cancer cells arrested by interruption of ER signaling have high levels of 

both p21 and p27, only p27 is elevated in serum starved fibroblasts and p27 is essential for arrest 

by serum starvation in immortalized fibroblasts 35,248. Although p21 can compensate in part for 

the lack of p27 in serum starved p27-null MEFs 249, the mechanisms of quiescence induced by 
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serum starvation in fibroblasts and by steroid depletion in malignant breast epithelial cells differ 

importantly. Our data demonstrate that the cell cycle arrest induced by estradiol depletion or ER 

blockade requires both p21 and p27 and that these KIPs are not merely upregulated as a 

consequence of cell cycle arrest. 

Mitogenic effects of estradiol include the upregulation of cyclin Dl though increased 

transcription 244'245 and stabilization of cyclin Dl protein by assembly with Cdk4 and Cdk6 

250,251, the latter mediated by p21 and p27 46'47. In addition, the present data establish definitively 

that estradiol-mediated losses of p21 and p27 relieve the inhibition of cyclin E-Cdk2 236-237'244. 

In estradiol-depleted MCF-7, although p21 and p27 were abundant, they were not 

competent to stabilize cyclin Dl via assembly with its Cdk partners. Cyclin Dl synthesis is 
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Figure 5. Requirement for p21 and p27 in Gl arrest by ER blocking drugs or estradiol-depletion. MCF-7 cells were arrested by 

estradiol depletion or by treatment with 4-OH TAM or ICI 182780. The graph indicates the percent S phase cells after 21 hours 

exposure to lipid only (black bars), antisense (white bars) or mismatch (hatched bars) oligonucleotides to either p21 or p27. 
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detectable in metabolically labeled quiescent breast epithelial cells, but its association with Cdk4 

or Cdk6 is only detectable several hours after mitogenic stimulation (51 and S. Cariou and J. 

Slingerland, unpublished results). Thus, an important effect of estradiol may be the conversion 

of p21 and p27 from a form that does not support assembly of cyclin D-Cdk complexes in GO, to 

one that does. Similarly, in serum-starved fibroblasts, p27 did not support cyclin Dl-Cdk4 

complex formation even after ectopic cyclin Dl overexpression 252. Moreover, in p21/p27 null 

cells, overexpression of cyclin Dl did not permit its assembly with Cdk4 47. Following estradiol 

stimulation in MCF-7, KIP-cyclin Dl-Cdk4 assembly occurred at 6-9 hours, while the loss of 

p27 and p21 from cyclin E complexes was notable only somewhat later, after the time of peak 

sequestration of these KIPs in cyclin Dl complexes. Although induced overexpression of cyclin 

Dl can abrogate antiestrogen arrest 244-245, the physiologic upregulation of cyclin Dl stimulated 

by estradiol in MCF-7 may be insufficient, on its own, to mediate the shifts of the KIPs out of 

Cdk2. 

The ubiquitin-mediated degradation of p27 43-253-254 requires its phosphorylation on 

Thrl87 40'41-247. Degradation of p21 is also proteasome dependent, but may differ importantly 

from that of p27 246. While cyclin E-Cdk2 acts in vitro and in vivo to phosphorylate p27 on 

Thrl87, other kinases may act on p27 prior to its degradation. The transition of p21 and p27 

from potent inhibitors of cyclin E-Cdk2 in GO to cyclin D-dependent kinase assembly factors 

may require phosphorylation early in Gl, prior to cyclin E-Cdk2 activation. We have observed 

an increase in p27 phosphorylation prior to the reduction in its steady state levels in estradiol 

stimulated MCF-7 (S. Cariou and J. Slingerland, unpublished results). MAPK activation has 

been implicated in p27 degradation 130-255. it will be of interest to determine if the estradiol- 

dependent activation of MAPK 117'227 or other mitogenic kinase pathways regulate the transition 
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of p21 and p27 from high affinity inhibitors of cyclin E-Cdk2 to activators of cyclin Dl-Cdk 

assembly. 

The approximation that over 4 million women with breast cancer are on Tamoxifen 

worldwide is a minimal estimate (214'215and V.C. Jordan personal communication). An 

increasing body of in vitro data, and meta-analysis of large patient cohorts have confirmed the 

requirement for ER expression for the therapeutic efficacy of Tamoxifen 214-215-256. The present 

study suggests that in addition to the ER, a breast cancer cell must express functional p21 and 

p27 for Tamoxifen or Faslodex (ICI 182780) to mediate cytostatic effects. These observations 

raise the hypothesis that deregulation and loss of these KIPs may underlie the clinical 

phenomena of hormone independence and antiestrogen resistance in breast cancer. 
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Section III 

Constitutive MEK/MAPK Activation Leads to p27Kipl Deregulation 

and Antiestrogen Resistance in Human Breast Cancer Cells 

A version of this section is published in The Journal 
of Biological Chemistry with the DOD awardee as first author and is appended in 

Appendix 2 

(data from fig 1 and 3 were presented at the time of last year's report. Data from Fig 2, 
4 and 5 have been conducted since the time of last year's report) 
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Summary of Section III 

As I reported last year in the Annual Report, antiestrogens require action of the cell cycle 

inhibitor p27Kipl to mediate Gl arrest in estrogen receptor positive (ER+) breast cancer cells. I 

report here in Section III that constitutive activation of the mitogen activated protein kinase 

(MAPK) pathway alters p27 phosphorylation, reduces p27 protein levels, reduces the Cdk2 

inhibitory activity of the remaining p27, and contributes to antiestrogen resistance. In two 

antiestrogen resistant cell lines that showed increased MAPK activation, inhibition of the MAPK 

kinase (MEK) by addition of U0126 changed p27 phosphorylation and restored p27 inhibitory 

function and sensitivity to antiestrogens. Using antisense p27 oligonucleotides, we demonstrated 

that this restoration of antiestrogen-mediated cell cycle arrest required p27 function. These data 

suggest that oncogene-mediated MAPK activation, frequently observed in human breast cancers, 

contributes to antiestrogen resistance through p27 deregulation. 
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SPECIFIC INTRODUCTION TO SECTION III 

As reviewed in the Introduction of Section I, p27k'pl is a member of the KIP (kinase 

inhibitory protein) family of Cdk inhibitors that regulate the cyclin/Cdk complexes governing 

cell cycle transitions14. The importance of p27 as a Gl-to-S phase regulator is highlighted by the 

finding that antisense-mediated inhibition of p27 expression is sufficient to induce cell cycle 

entry in quiescent fibroblasts 35 and in steroid-depleted breast cancer cells (presented in Section 

II)36. p27 protein levels are high in GO and early Gl during which time p27 binds tightly and 

inhibits cyclin El-Cdk2. p27 translation rates decrease and its proteolysis increases during Gl- 

to-S phase progression, leading to p27 protein loss as cells enter S phase 253>258-259. p27 

proteolysis is regulated by phosphorylation of p27 on threonine 187 (T187) by cyclin El- 

Cdk240'41. While mutations or deletions in the p27 gene are uncommon260,261, p27 degradation is 

increased in many cancers, including breast cancer232'262. 

An increasing body of data suggests that p27 is regulated by mitogenic signal 

transduction pathways, including Ras-dependent activation of the mitogen-activated protein 

kinase (MAPK) pathway 63.130-209<263'264. Many mitogens increase the cellular levels of GTP- 

bound Ras, leading to activation of the downstream target, Raf-1. The Raf-1 kinase can 

phosphorylate and activate the dual specificity kinases MEK1 and MEK2, which in turn activate 

MAPK (also known as p42ERK2 and p44ERK1). Once activated, MAPK can phosphorylate several 

nuclear transcription factors including Myc, Elk and Rsk (for review, see 265). p27 itself has 

several MAPK consensus sites and MAPK can phosphorylate p27 in vitro 263 and reduce the 

ability of recombinant p27 to bind and inhibit Cdk2 in vitro130. While constitutive activation of 

Ras-MAPK can reduce p27 inhibitory function in immortal and cancer-derived lines, it is not 

clear whether MAPK directly regulates p27 during cell cycle progression in normal cell types. 
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Studies of p27 regulation by the Ras-MAPK pathway were initially carried out in 

fibroblasts 67'68'130. In NIH3T3 fibroblasts, Ras signaling is required for the downregulation of 

p27 as cells approach the Gl-to-S phase transition 68'209. Introduction of a dominant negative ras 

mutant prevented the loss of p27 in response to serum and inhibited S phase entry. Others have 

reported that Ras-MAPK activation reduces the ability of p27 to inhibit Cdk2 through 

sequestration of p27 into cyclin Dl-Cdk4 complexes, rather than by promoting p27 protein loss 

63 

Constitutive activation of the MAPK cascade may contribute to malignant progression of 

many human cancers 266. Although the causes of MAPK activation differ among tumors, in 

many cancers constitutive signaling from cell surface tyrosine kinase receptors contributes to 

activation of the Ras-Raf-1-MEK-MAPK pathway. For example, the epidermal growth factor 

receptor (EGFR) and HER-2/c-ErbB-2, both of which activate the Ras-MAPK pathway, are 

overexpressed in up to 20 % and 30 % of breast cancers, respectively. Overexpression of these 

receptors has been associated with antiestrogen resistance and poor prognosis in primary breast 

cancers 267"272. Tissue culture models suggest that elevated MAPK activity may contribute to 

estrogen independent growth of breast cancer cells 273"275. 

Antiestrogen drugs, such as Tamoxifen, are effective in the treatment and prevention of 

breast cancer 276,277. However, only two-thirds of estrogen receptor (ER) positive breast cancers 

respond initially to antiestrogen therapy and even sensitive tumors invariably acquire 

antiestrogen resistance 215. In most cases, acquired resistance is not due to a loss or mutation of 

the ER 22127S. Numerous mechanisms have been proposed to explain the phenomenon of 

Tamoxifen resistant ER positive breast cancer, including altered drug metabolism 279, altered 

binding of co-activator and co-repressor molecules to the antiestrogen-ER complex 33, and 

48 



altered signal transduction pathways that modulate ER activity 123 or regulate the cell cycle 

machinery   . 

The cell cycle inhibitor, p27Kipl, is an essential mediator of cell cycle arrest by Tamoxifen 

and other antiestrogenic drugs. I demonstrated in Section II that antisense-mediated 

downregulation of p27kipl abrogated antiestrogen induced cell cycle arrest in the ER positive 

MCF-7 breast cancer line 36. p27 protein levels are frequently reduced in primary breast cancers 

compared to the normal breast epithelium and low p27 protein levels are associated with poor 

prognosis and hormone independence 128'231-232. These observations stimulated the present study 

to investigate the relationships between Ras-MAPK pathway activation, antiestrogen resistance 

and p27 function. Our data indicate that constitutive MEK activation alters p27 phosphorylation, 

reduces p27 inhibitory activity, and contributes to antiestrogen resistance in breast cancer. 

RESULTS 

Is p27 altered in antiestrogen resistant cell lines? 

As reported in last year's summary, we compared p27 levels in antiestrogen sensitive 

MCF-7239 and the resistant MCF-7 derivative, LY-2 280. The loss of antiestrogen responsiveness 

in LY-2 was not due to a loss of p27 protein (Fig. 1A). The association of p27 with cyclin El- 

Cdk2 was assayed in asynchronously growing and antiestrogen treated MCF-7 and LY-2 cells 

(Fig. 15). Asynchronously proliferating LY-2 and MCF-7 cells had similar cell cycle profiles 

(Fig. 15). When equal amounts of cyclin El were immunoprecipitated, the amount of p27 bound 

to cyclin El-Cdk2 in asynchronously growing LY-2 was nearly four-fold higher than that in 

asynchronous MCF-7. There was no compensatory decrease in p21 binding to cyclin El in 

proliferating LY-2. Levels of cyclin El bound p21 were similar in proliferating MCF-7 and LY- 

2. Cyclin El bound Cdk2 levels were similar in the two lines and were not affected by 
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Figure 1. Antiestrogen resistant LY-2 show altered p27 regulation, (a) Asynchronously growing 
MCF-7 and LY-2 cell lysates were analyzed by western blotting using the antibodies indicated, 
(b). Cyclin El immunoprecipates (IP) from asynchronously proliferating and ICI 182780 (ICI)- 
treated cells were resolved and assayed for associated p27 and Cdk2 by immunoblotting or 
analyzed for associated histone HI kinase activity as described Experimental Procedures. The 
cell cycle profiles from flow cytometric analysis are shown, (c) Lysates from asynchronously 
proliferating cells were analyzed for levels of total and active (phospho) MAPK. 
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antiestrogens. Despite the increased p27 bound to cyclin El-Cdk2 in proliferating LY-2 cells, the 

histone HI activity of these complexes was not reduced compared to cyclin El-Cdk2 from 

asynchronous MCF-7 (Fig. IB). Antiestrogen treatment of MCF-7 with either ICI 182780 (ICI) 

or 4-OH-TAM (data shown here for ICI) caused a three to five-fold increase in p27 binding to 

cyclin El-Cdk2, a three-fold increase in cyclin El-bound p21, inhibition of this kinase, and Gl 

cell cycle arrest. Antiestrogen treatment of LY-2 caused a minimal increase in p21 binding, no 

change in the amount of p27 bound to cyclin El-Cdk2, no significant inhibition of cyclin El- 

Cdk2 activity , and no change in the cell cycle profile (Fig. IB). These data suggested a 

functional alteration of p27 in LY-2 cells. 

What kinases could be responsible for altered p27 in LY-2? 

Since MAPK had been shown to alter p27 function in fibroblasts 67'68'130
) we assayed 

MAPK activity by Western blotting using phosphospecific antibodies that detect activated 

MAPK. Although total MAPK protein levels were similar in LY-2 and MCF-7 cells, the levels 

of phosphorylated MAPK (both p42 ERK2 and p44 ERK1) were elevated nearly eight-fold in 

LY-2 (Fig. IQ. We also observed elevated MAPK activity in two other MCF-7 derived 

antiestrogen-resistant cell lines, LCC2 and MCF-7/HER-2-18. These data were reported in last 

year's annual report. 

Does MEK overexpression confer antiestrogen resistance? 

To determine whether the increased MAPK activity observed in the antiestrogen 

resistant lines was causally linked to the antiestrogen resistant phenotype, we transfected MCF-7 

cells with activated MEK1 (MEKEE) or an active ERK2 allele (ERK2-MEK), and assayed stable 

transfected cell lines for antiestrogen sensitivity. Transfectants showed MAPK activation 

compared to parental cells and empty vector controls (representative data shown for MEKEE 

transfectants, labeled Ml and M2 in Fig. 2A). These set of experiments have been conducted 
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Figure 2. MAPK activation contributes to p27 deregulation and antiestrogen resistance, (a) The 
levels of active phospho-MAPK, p27 and p21 were analyzed in two control cell lines transfected 
with empty vector (C1,C2) and in two MEK overexpressing MCF-7 clones (Ml, M2). (b) The 
cell cycle profiles of asynchronously proliferating and antiestrogen-treated MEK transfectants 
were compared to empty vector controls, (c) Cyclin El bound p27 and Cdk2, and cyclin El- 
associated kinase activities were assayed as in Fig. 15. (d) Cyclin El-bound p21 and p27 were 
assayed before (-) and after (+) ICI treatment, (e) p27 immunoprecipitates from asynchronously 
proliferating MCF-7, LY-2 and MEKEE transfectant, M2, were analyzed by 2D-IEF. The 2D-IEF 
of phosphatase-treated p27 from MCF-7 cells is shown in the upper panel. The different p27 
isoforms were quantitated by densitometry. 
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since last year's annual summary report to the DOD. Of note, both p21 and p27 levels were 

reduced in MEK^ transfectants (Fig. 2A). The level of the ER protein was not affected by the 

degree of MAPK activation achieved in these cells (data not shown). Asynchronously growing 

MAPK-activated lines and empty vector controls showed similar cell cycle profiles (Fig. 2B). 

Lines with constitutive MAPK activation showed partial resistance to 4-OH-TAM or ICI 

compared to the parental or vector alone controls (Fig. 2B). 

What cell cycle changes result from MEK activation? 

Levels of cyclin El associated p21 and p27 were assayed in asynchronous MEKBE 

transfected lines and in the empty vector controls (Fig. 2Q. Although densitometric analysis 

showed that total p27 levels in asynchronously growing MEKEH transfectants were reduced by up 

to three-fold compared to controls, the amount of p27 detected in cyclin El-Cdk2 complexes was 

not reduced (Fig. 2C and D). Despite the similar amounts of both p27 and p21 bound to cyclin 

El in proliferating MEKEE and control lines, equal amounts of cyclin El-Cdk2 showed 

approximately two-fold higher kinase activity in MEKEE transfectants compared to empty vector 

controls (Fig. 2 C and D). There was no change in Cdk2-binding to cyclin El and the subtle 

increase in the proportion of the faster mobility, CAK-activated Cdk2 bound to cyclin El would 

not suffice to mediate the two-fold increase in cyclin El-Cdk2 activity in the MEKEB lines (Fig. 

2Q. MCF-7 lines with constitutive MEK1 activation showed no increase in p27 binding to 

cyclin El following antiestrogens compared to that in parental MCF-7 or in the empty vector 

controls (representative data in Fig. IE). The modest increase of p21 binding to cyclin El-Cdk2 

may mediate the partial cell cycle inhibition after antiestrogen treatment of the M2 clone. Earlier 

work has established that increased KIP binding to cyclin El-Cdk2 in MCF-7 is essential for Gl 

arrest by antiestrogens 36'283. Thus, MAPK activation via MEKEE or ERK2-MEK transfection 
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may contribute to antiestrogen resistance, at least in part, by impairing the antiestrogen-mediated 

increase in p27 binding to cyclin El-Cdk2. 

Does MEK activation alter p27 phosphorylation? 

The MAPK activated transfectants and LY-2 cells show a number of similarities. Both 

showed more abundant p27 binding to cyclin El-Cdk2 in asynchronously proliferating cells than 

would have been predicted from the respective total cellular abundance of p27, and antiestrogens 

failed to cause an accumulation of p27 in cyclin El-Cdk2 complexes. We postulated that 

differences in p27 phosphorylation may be associated with these differences in p27 function. 

Under most one-dimentional SDS-PAGE conditions, p27 does not show reproducible differences 

in gel mobility. Two-dimensional isoelectric focusing (2D-IEF) allowed for resolution of 

different p27 phospho-isoforms that are not apparent on single dimension gel electrophoresis. 

2D-IEF showed a reproducible difference between the phosphorylation profile of p27 in the 

antiestrogen sensitive and resistant lines. 2D-IEF of p27, using an amphoteric carrier with a non- 

linear pH range of 3 to 10, showed five p27 isoforms present in all three lines (labeled 1-5 in Fig. 

IE). Form 1 migrates at the predicted isoelectric focusing point for p27 (pH= 6.54). Phosphatase 

treatment of the p27 immunoprecipitates confirmed that most of these different isoforms 

represent different phosphoforms of p27 (Fig. IE). The minor amount of form 2 remaining after 

phosphatase treatment may reflect incomplete dephosphorylation. Alternatively, this may 

represent an hypophosphorylated form of p27 in which post-translational modification (e.g. 

myristylation) confers a more negative charge. When cells were 32P-orthophosphate labeled prior 

to p27 immunoprecipitation and resolution by 2D-IEF, isoforms 1 and 2 were not radiolabeled, 

confirming their hypophosphorylated state (data not shown). 

The relative abundance of the different isoforms of p27 differed between MCF-7 and the 

MAPK activated lines, LY-2 and MCF-7/MEKEE In MCF-7, most of the p27 focused as isoform 
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1, with a lesser amount as isoform 3 and the ratio of these two forms (form l:form 3) quantitated 

by densitometry was 3:1. The 2D-IEF patterns of p27 from LY-2 and the MEK transfectants 

were similar and both differed from that seen in MCF-7. In these antiestrogen resistant lines, 

form 3 showed greater relative abundance and the ratios of form 1 to form 3 were similar 

(approximately 1:1 in MEKEE clone M2 and LY-2, Fig. 2E). These observations support the 

notion that MEK/MAPK activation modulates p27 phosphorylation in these resistant cell lines. 

Although we had reported a difference in the 2DIEF pattern of p27 from LY-2 compared to 

MCF-7 in last year's annual summary, the results obtained following 2DD3F in the MEK 

transfectants have been obtained since last year's report. 

Does MEK inhibition restore sensitivity to antiestrogens in resistant cells? 

As we reported last year, the combination of MEK inhibition and antiestrogen treatemetn 

caused resistant cells to commit to Gl arrest. Treatment of the LY-2 line with 0.1 uM of the 

MEK inhibitor, U0126, caused a 2.5 fold reduction of phospho-MAPK levels without affecting 

the total MAPK protein levels (Fig. 3A). Although this low dose of U0126 alone did not affect 

the cell cycle profile of the LY-2 cells, treatment with the combination of 0.1 uM U0126 and 

either 1 (iM 4-OH-TAM or 10 nM ICI led to a Gl arrest (data shown for ICI treatment, Fig. 35 

and Q. MEK inhibition by 0.1 uM U0126 also restored 4-OH-TAM or ICI-mediated Gl arrest 

in the antiestrogen resistant HER-2/ErbB-2 overexpressing line, MCF-7/HER-2-18 (Fig. 35). 

The Gl arrest following the combination of MEK inhibition and antiestrogen treatment in LY-2 

(U+ ICI) was accompanied by a five-fold increase in the binding of p27 to cyclin El-Cdk2 

complexes (Fig. 3C) and inhibition of cyclin El-Cdk2 activity (data not shown). p21 binding to 

cyclin El-Cdk2 was also modestly increased and the proportion of CAK-phosphorylated Cdk2 

(faster mobility) bound to cyclin El was modestly reduced by the combined ICI 182780 and 

U0126 treatment. 
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Figure 3. Inhibition of MAPK restores sensitivity to antiestrogens in LY-2. (a) Asynchronously 
growing LY-2 or LY-2 cells treated with 0.1 |iM U0126 were assayed for levels of total and 
active MAPK by immunoblotting. (b) The cell cycle profile of LY-2 and MCF-7/HER-2 cells 
were measured in asynchronously proliferating, ICI treated and 0.1(iM U0126 + ICI (U+ICI) 
treated cells, (c) LY-2 cells treated for 48 hours with ICI, U0126 (U) or the combination of 
U0126 + ICI (U+ICI) and cell cycle profiles assayed by flow cytometry. Cyclin El 
immunoprecipitates were resolved and analyzed by immunoblotting with the indicated 
antibodies, (d) LY-2 cells treated with the combination of U0126 + ICI were lysed before (0 hr) 
or 21 hours after transfection with lipid only (control group, C), ASp27 oligonucleotides 
(ASp27) or MSp27 oligonucleotides (MSp27). Cyclin El immunoprecipitates were resolved and 
associated proteins detected by immunoblotting. The %S phase cells and cyclin El-associated 
kinase activities in each treatment group are shown. 
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Is the the arrest of LY-2 by MEK inhibition and antiestrogens p27-dependent? 

The increase in p27 association with cyclin El-Cdk2 in LY-2 cells treated by the 

combination of 0.1 (iM U0126 and 10 nM ICI was similar to that seen following antiestrogen 

treatment in the sensitive MCF-7 line (Fig. IE). We postulated that MAPK inhibition in LY-2 

enhanced the Cdk2 inhibitory function of p27 to facilitate cell cycle arrest by antiestrogens. If 

this were the case, then antisense-mediated inhibition of p27 expression in the U0126/ICI treated 

cells should abrogate this drug-mediated arrest. U0126/ICI arrested LY-2 cells were transfected 

with antisense p27 (ASp27) oligonucleotides, mismatch control oligonucleotides (MSp27), or 

mock transfected with lipid only (control, C) and cells were recovered for flow cytometry and 

protein analysis at 21 hours following completion of ASp27 transfection. The inhibition of p27 

expression in ASp27 treated cells lead to cell-cycle re-entry with approximately 23 % cells in S 

phase at 21 hours, in contrast to 8% and 9% of cells in S phase following lipid only (control, C), 

or mismatch (MSp27) transfection (Fig. 3D). The ASp27-mediated cell cycle re-entry was 

associated with loss of cyclin El-bound p27 and cyclin El-associated kinase activation (Fig. 

3D). Control (lipid alone) and MSp27 transfected groups showed no cyclin El-Cdk2 activation. 

We also observed a similar result using the combination of 0.1 pM U0126 and 1 |iM 4-OH-TAM 

(data not shown). Thus, in the LY-2 line, p27 became an essential mediator of Gl arrest by 

antiestrogens following partial MEK/MAPK inhibition. 

Are p27 complexes different in resistant cells? 

Since last year's reporting to the DOD, we uncovered an usual finding that p27 from the 

LY-2 line has associated cyclin E-cdk2 kinase activity. Proliferating LY-2 cells, with and 

without antiestrogen treatment, showed more abundant p27 association with active cyclin El- 

Cdk2 than was detected in inhibited cyclin El-Cdk2 complexes from antiestrogen-arrested MCF- 

7 cells (Fig. 15). These data suggested impaired inhibitory function cyclin El-bound of p27 in 
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Figure 4. MEK inhibition partially restores p27 inhibitory function and changes the pattern of 
p27 phosphorylation. (a) Equal amounts of p27 were precipitated from asynchronous (lanes 1, 4) 
and ICI treated LY-2 and MCF-7 cells (lanes 2, 5), and from LY-2 cells treated with both 0.1 \iM 
U0126 + ICI (lane3) and analyzed for associated histone HI kinase activity. Radioactivity in the 
histone HI substrate was quantitated by Phospholmager and expressed as a percentage of 
maximum activity after subtraction of background from IgG control (lane 6) and graphed. The 
insert shows the autoradiogram of activity in histone HI. The data presented are the mean of 
repeat experiments, (b) p27 was immunoprecipitated from asynchronously proliferating MCF-7 
and LY-2 lysates, boiled and equal amounts of p27 were added to recombinant cyclin El-Cdk2. 
Cyclin El complexes were then immunoprecipitated and assayed for histone HI (HI) kinase 
activity. Inhibition of cyclin El-Cdk2 activity by added p27 is shown. Radioactivity incorporated 
into the histone HI substrate is shown in the autoradiograph (see insert, upper right) and graphed 
as % maximum uninhibited cyclin El-Cdk2 activity. Mouse IgG served as an 
immunoprecipitation control, (c) Equal amounts of p27 were immunoprecipitated from the 
asynchronously proliferating MCF-7/MEKEE clone (M2) or from the empty vector control (C2) 
and cyclin El-Cdk2 inhibitor function assayed as in (B). 

58 



LY-2 cells. p27 immunoprecipitates were tested for associated histone HI kinase activity in LY- 

2 and MCF-7 cells. Cdk2 complexes, but not Cdk4 and 6 complexes can use histone HI as 

substrate. Histone HI kinase activity was detected in p27 immunoprecipitates from asynchronous 

and ICI-treated LY-2 cells, but was negligible in asynchronous and ICI-treated MCF-7 when 

background activity in non-specific antibody control immunoprecipitates was subtracted (Fig. 

AA). The combination of 0.1 \iM U0126 and 10 nM ICI 182780 (U+ICI) inhibited the p27 

immunoprecipitable kinase activity in LY-2 (Fig. AA). Parallel p27 immunoprecipitates were 

resolved and blotted for associated Cdk2, cyclin El and cyclin A. The amounts of cyclin and 

Cdk2 bound to p27 in ICI treated LY-2 and MCF-7 were similar and there was no loss of p27 

bound cyclin or Cdk2 following ICI plus U0126 treatment LY-2 cells (data not shown). 

Does MEK activation make p27 a poorer cyclin E-cdk2 inhibitor? 

Since the time of last year's annual reporting, we proceeded with a set of experiments 

which showed that p27 is a poorer inhibitory of cyclin E-cdk2 in the LY-2 line compared to 

MCF-7. The inhibitory activity of p27 toward recombinant cyclin El-Cdk2 was compared in the 

MCF-7 and LY-2 lines (Fig. AB) and in the MCF-7/MEK-EE transfectant, M2, and the empty 

vector control line, C2 (Fig. AC). Equal amounts of p27 protein were immunoprecipitated from 

the indicated cell lines, boiled to release associated proteins and then heat stable p27 was tested 

for its ability to inhibit a fixed amount of recombinant cyclin El-Cdk2. The cyclin El-Cdk2 

complexes were then immunoprecipitated and kinase activity assayed. The activity of the p27- 

treated cyclin El-Cdk2 was expressed as a % of control, un-inhibited cyclin El-Cdk2. p27 from 

the MCF-7 line had approximately four-times the inhibitory potency as p27 from the LY-2 line 

(Fig. AB). Similarly, MEK overexpression in the M2 line impaired the inhibitory function of p27 

(Fig. AC). The cyclin El-Cdk2 inhibitory activity of increasing amounts of p27 from the MEKEE 

transfected M2 line was compared with that of p27 from the vector alone control, C2.  Even a 
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three-fold (3X) excess of p27 in the M2 line did not achieve the same level of cyclin El-Cdk2 

inhibition shown by p27 (IX) from the control line. 

Does MEK inhibition modulate p27 phosphorylation? 

Our antisense experiments showed that p27 is essential for the antiestrogen arrest of LY-2 

following partial MEK inhibition (Fig. 3D). Since MEK inhibition restored antiestrogen arrest, 

we postulated that MEK inhibition might alter p27 phosphorylation. As seen in asynchronously 

proliferating cells (Fig. 2E), the 2D-IEF of p27 from antiestrogen-treated MCF-7 and LY-2 cells 

showed five distinct p27 isoforms (labeled 1 to 5 in Fig. 5A) with isoforms 1 and 3 again being 

the most abundant. p27 from antiestrogen arrested MCF-7 showed a predominance of isoform 1, 

with the ratio of isoforms 1 to 3 being 2:1. In antiestrogen-treated LY-2 cells, form 3 was the 

predominant form, with the isoform 1:isoform 3 ratio at 1:2. Treatment with 0.1 pM U0126 

together with either 4-OH-TAM or ICI, changed the p27 phosphorylation profile in LY-2 cells to 

one that more closely resembled that in antiestrogen arrested MCF-7 cells, with the p27 isoform 

1 more abundant than form 3, at 

a ratio of 2:1 (data shown for ICI treatment in Fig. 5A). In all cell types, ICI treatment increased 

the relative abundance of isoforms 4 and 5 compared to that of untreated cells. 

We tested whether the changes in total cellular p27 phosphorylation were reflected by 

changes in the phosphorylation of cyclin El-bound p27 (Fig. 5B). Cyclin El-bound p27 in the 

ICI treated LY-2 line showed a predominance of isoform 3 (the ratio of isoform 1: isoform 3 was 

1:6 by densitometry) whereas LY-2 cells arrested by the combination of MEK inhibition and 

antiestrogen showed a cyclin El-associated p27 phosphorylation pattern more closely resembling 

that in antiestrogen arrested MCF-7 (isoforms 1:isoforms 3 ratio nearly 1:1 in both). These data 

suggest that the combination of MEK inhibition and antiestrogen treatment may restore the 

60 



IPp27 
:%   2 3<i Av;:& 

Ratio 
form 4:3 

.MGF^ + IGI . .4§p-*-*'> <*** *   2:1 

LY-2+ ICI *•" i**"^BP*i^'<i* -•»" 1:2 

LY-2+U0126+IC1 £HM»   ♦* 2:1 

Fig 5 

B 
Cyclin E1-bound p27 

■1: ,2 r 4&. 
Ratio 

form-1:3 

MCF-7 + ICI - •"»ff «••• +    1:1 

LY-2+ICI * ♦^HF*C1^**** 1:5 

LY-2+ U0126 + ICI * * ♦  ** 1:1 

Figure 5. MEK inhibition modulates p27 phosphorylation. (a) and (b) The 2D-IEF patterns of 
immunoprecipitated p27 (a) or cyclin El-bound p27 (b) were assayed in MCF-7 and LY-2 cells 
after 48 hours of treatment with ICI, and in LY-2 cells after 48 hours treatment with both ICI and 
U0126. 
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cyclin  El-Cdk2  inhibitory  function of p27  in LY-2,  at  least  in part,  by  altering  p27 

phosphorylation. 

FURTHER DISCUSSION BY POD AWARDEE 

The key roles of p21 and p27 in antiestrogen arrest have been demonstrated in earlier 

studies 36,283. Antiestrogens increase cyclin El-Cdk2-KIP binding, and immunodepletion of p21 

and p27 from steroid-depleted or Tamoxifen arrested cells removes essentially all cellular cyclin 

El-Cdk2 236-238, suggesting that these cyclin complexes are fully saturated by p21 or p27 in 

arrested cells. Recent work with antisense (AS) p27 and p21 demonstrated that inhibition of 

expression of either KIP from antiestrogen arrested cells leads to cell cycle re-entry 36-283. in 

addition to increased KIP-Cdk binding, other cell cycle effectors contribute to Gl arrest by 

antiestrogens. These include reductions in c-myc, cyclin Dl and Cdc25A, increased pl5 and 

potentially, the accumulation of Cdk2 in a non-CAK activated form 36-236-237-245. However, while 

induction of cell cycle arrest by antiestrogens has multiple effectors, the antisense studies 

demonstrate that KIP function is required for maintenance of arrest. Moreover, the present work 

indicates that deregulation of p27 inhibits antiestrogen responsiveness. 

Our data suggest that constitutive MEK/MAPK activation contributes to the development 

of antiestrogen resistance in ER-positive breast cancer cells, at least in part, by compromising the 

inhibitory function of p27. We show here that a non-cytostatic and non-cytotoxic dose of the 

MEK inhibitor, U0126, restored sensitivity to Gl arrest by antiestrogens in the widely used LY-2 

model of antiestrogen resistance. Moreover, transfection of HER-2 or MEKEE into MCF-7 

impaired antiestrogen responses. In antiestrogen treated LY-2 and MCF-7/MEKEE transfectants, 

p27 failed to accumulate in cyclin El-Cdk2 complexes and did not inhibit this kinase. MEK 

inhibition by U0126 in these antiestrogen resistant lines altered p27 phosphorylation, and 

restored the  inhibitory binding  of p27  to  Cdk2  following  antiestrogen treatment.  Thus, 
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MEK/MAPK-dependant p27 phosphorylation events are associated with a reduced ability to 

inhibit Cdk2. 

Through the course of selection of the antiestrogen resistant LY-2, p27 regulation has 

been altered such that its binding to cyclin El-Cdk2 is increased without a commensurate 

reduction in cyclin El-Cdk2 activity. In antiestrogen-mediated arrest of MCF-7, a three-fold 

increase in p27 binding to cyclin El-Cdk2 is sufficient for Cdk2 inactivation and cell cycle 

arrest36. The approximately four-fold increase in cyclin El-bound p27 in asynchronously 

growing LY-2 cells relative to that in proliferating MCF-7 and the failure of antiestrogens to 

increase p27 binding to cyclin El-Cdk2 in LY-2 prompted further investigation of p27 function 

in these lines. Indeed, both cyclin El and p27 immunoprecipitates contain detectable histone HI 

kinase activity in LY-2 cells. While the p27 associated kinase activity could reflect dissociation 

of p27 from cyclin El-Cdk2 in vitro following immunoprecipitation of the complexes, the 

increased binding of p27 to cyclin El without loss of kinase activity in asynchronous LY-2 

suggests that some of the cyclin El-Cdk2-p27 complexes may retain activity in vivo. Detection 

of p27-immunoprecipitable kinase activity has been reported by others 46,184. The elevated levels 

of p27 protein in the LY-2 line may reflect MAPK-independent events that have occurred 

throughout the course of selection of this line 281. 

p27 levels were reduced in the MEKEE transfectants, consistent with observation by 

others that Ras-MAPK contributes to p27 degradation 68-130-284. Despite the lower total p27 

protein levels in these cells, cyclin El-bound p27 levels were not reduced. Moreover, while 

cyclin El bound p21 and p27 levels were similar in MEKEE transfectants and control lines, 

cyclin El-Cdk2 activity was increased in asynchronously proliferating MEKEE transfectants 

compared to controls. Thus, MAPK activation at the levels achieved here, may favor the 

association of p27 with Cdk2 in a poorly inhibitory form, such that some of the cyclin El-Cdk2- 
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p27 complexes retain activity. This effect may be separable from the effect of MAPK on p27 

stability. p27 forms that can bind cyclin El-Cdk2 but fail to inhibit this kinase have been 

modeled previously in vitro 41. Further evidence to support functional alteration of p27 in the 

LY-2 and MEKEE transfected MCF-7 lines is provided by assays of p27 inhibitory function. p27 

from both LY-2 and the MEKEE transfected line, M2, both showed a reduced ability to inhibit 

recombinant cyclin El-Cdk2 in vitro. As an alternate model, MEK/MAPK activation may reduce 

the stability with which p27 binds to cyclin El-Cdk2 in vitro, allowing detection of this kinase 

activity in p27 IP through dissociation in vitro. A reduced ability to bind cyclin El-Cdk2 could 

also account for the reduced inhibitory activity of heat stable p27 isolated from the resistant 

lines. 

Signal transduction pathways have been shown to affect p27 inhibitory function 130'285, 

raising the possibility that phosphorylation events may modulate p27 function. Overexpression 

of the integrin-linked kinase (ILK) causes a reduction in inhibitory activity of p27 toward cyclin 

El-Cdk2 285. Here we showed that the antiestrogen ICH 82780 modulates p27 phosphorylation in 

MCF-7 cells, increasing the relative amounts of p27 isoforms 3, 4 and 5. We also showed an 

association between altered p27 inhibitory function and altered phosphorylation in LY-2 and 

MCF-7-MEKEE cells, suggesting that deregulated p27 phosphorylation may be causally linked to 

antiestrogen resistance. Although MAPK can phosphorylate p27 in vitro 130-263'264
; it is not 

known at present whether direct phosphorylation of p27 by MAPK occurs in vivo. The effects of 

MAPK on the p27 phosphorylation profile may be indirect. p27 contains several potential 

MAPK consensus sites, including serine 10 (S10), S178, and T187. S10 has recently been shown 

to be a major p27 phosphorylation site in GO arrested cells, although it may not be a 

physiological MAPK target site263. Since a p27 mutation converting S10 to alanine or aspartate 

did not affect the ability of p27 to inhibit cyclin El-Cdk2 in-vitro263, the MAPK-dependent 

64 



pathway that modulates both p27 phosphorylation and its ability to inhibit Cdk2 cannot uniquely 

affect S10. Moreover, the phosphorylation of p27 at T187 that regulates its recognition by the F- 

box protein Skp-2, does not affect the Cdk2 inhibitory function of p27 41. Thus, phosphorylation 

at sites other than S10 and T187 may be required for the MEK/MAPK dependent 

phosphorylation of p27 that modulates its Cdk2 inhibitory function. The identity of the different 

2D-IEF phospho-isoforms of p27 observed by 2D-DSF warrants further investigation. 

The causes of MAPK activation in human cancers differ among different tumors. MAPK 

activation is increased in up to 50% of breast cancers compared to normal breast epithelium and 

is associated with poor patient prognosis 69'286 81. HER-2/ErbB-2 overexpression, seen in up to 

30 % of breast cancers is often associated with antiestrogen resistance272. HER-2/ErbB-2 

signaling has been shown to decrease p27 stability via MAPK activation284. In the HER-2 

overexpressing MCF-7/HER-2-18, MEK inhibition by U0126 restored sensitivity to 

antiestrogens. Taken together, the present study links HER-2/ErbB-2 activation and antiestrogen 

resistance through MAPK-dependent alterations in p27 function. 

In addition to its mechanistic relevance to breast cancer, the observed link between p27 

dysfunction and MAPK activation has implications for many types of cancers. The reduced 

levels of p27 observed in many cancers (colon, lung, prostate, gastric) may reflect oncogenic 

activation of the Ras/MEK/MAPK pathway 262. For example, the increased p27 proteolytic 

activity observed in colon cancer lysates may result from oncogenic activation of K-Ras in these 

cancers 287. There is a strong molecular rationale supporting the continued development of 

MEK/MAPK inhibitory drugs. A number of MEK inhibitors have shown good oral 

bioavailability and efficacy in preclinical trials 288. Tumor-specific MEK inhibitors may have the 

potential to restore p27 protein levels and inhibitory function and thereby restrain tumor growth. 
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Section IV; 

Work begun by the POD awardee that may not be finished prior to funding 

completion 

Is there an association between MAPK activation and p27 loss in vivo in breast tumors? 

Several studies have shown that MAPK activity predicts poor prognosis in human breast 

cancer 120'320. We and others have shown that MAPK activation mediates tamoxifen resistance 

in breast cancer cell lines (Section III) in tissue culture or in mouse models 119'275. A strong 

association between elevated MAPK activity and reduced estrogen receptor levels has been 

reported in primary breast cancers120. However, whether MAPK activation is associated with 

p27 loss and the development of antiestrogen resistance in vivo in primary human breast cancer 

has not been examined. Our lab and others have shown that reduced p27 protein is an 

independent prognostic factor for poor breast cancer outcome 231128>232. 

To determine whether increased MAPK activity is associated with p27 loss in breast 

cancer tumors, I have undertaken studies performing immunohistochemistry (IHC) using 

archival formalin-fixed paraffin embedded breast cancer tissue. p27 IHC is being performed as 

described 231. MAPK IHC is being performed using monoclonal phospho (active) MAPK 

antibodies (Cell Signaling). Following our completion of staining, the prognostic impact of p27 

levels and MAPK activation will be correlated with other known clinical and histopathologic 

prognostic variables and with hormonal responsiveness. I hypothesize that MAPK activation 

will be strongly correlated with low p27 protein levels (i.e. less than 50 % of tumor nuclei 

staining for p27). Moreover, I predict that low p27 protein expression in breast cancers will be 

associated with antiestrogen treatment failure. 
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CHAPTER V 

Non-malignant and tumor-derived cells differ in their requirement for 

p27Kipl in TGF-ß mediated Gl arrest 

A version of this section V will be submitted for publication 
(J. Donovan, J. Rothenstein, J. Slingerland, 2002) 

(Experiments reported herein have been conducted since the time of last year's report) 
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Summary of Section V 

Given the essential role of p27 in cell cycle arrest by antiestrogens, we investigated the 

requirement for p27 in cell cycle arrest by a second anti-proilferative stimuli, Transforming 

growth factor beta (TGF-ß). I will show in this section that TGF-ß induces Gl arrest in 

susceptible cells by multiple mechanisms that lead to inhibition of the Gl cyclin-dependent 

kinases (Cdks), including Cdk2, Cdk4 and Cdk6. TGF-ß treatment of early passage finite- 

lifespan human mammary epithelial cells (HMECs) led to an accumulation of p27Kipl in cyclin 

El-Cdk2 complexes and kinase inhibition. The role of p27 in the Gl arrest by TGF-ß was 

assessed by transfection of antisense p27 (ASp27) oligonucleotides into TGF-ß treated HMECs. 

Despite a reduction in total and cyclin E-Cdk2 bound p27 following ASp27 transfection, HMECs 

remained arrested in the Gl phase. Maintenance of the Gl arrest was accompanied by increased 

association of the Cdk inhibitor p2lWAF-1/ClP4 and the retinoblastoma family member, pl30Rb2, in 

cyclin El-Cdk2 complexes along with kinase inhibition. In contrast to the findings in HMECs, 

p27 was essential for Gl arrest by TGF-ß in two tumor-derived lines. ASp27 transfection into 

two TGF-ß responsive, cancer-derived lines, was not associated with increased compensatory 

binding of p21 and pl30 to cyclin El-Cdk2 and these cell lines failed to maintain Gl arrest 

despite the continued presence of TGF-ß. Progressive cell cycle deregulation leading to impaired 

checkpoint controls during malignant tumor progression may alter the role of p27 from a 

redundant to an essential inhibitor of Gl-to-S phase progression. 
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SPECIFIC INTRODUCTION TO SECTION V 

TGF-ß mediates effects on diverse cellular processes such as proliferation, growth and 

differentiation via cell surface receptors that in turn regulate the activity of SMAD transcription 

factors (reviewed in 289). In many normal cell types, including epithelial and melanocytic cells, 

TGF-ß has a potent antiproliferative effect. In contrast to non-transformed cells, cancer-derived 

lines show reduced antiproliferative responses to TGF-ß or have lost this response altogether 290. 

In most cases, the loss of TGF-ß responsiveness occurs without inactivation of TGF-ß receptors 

or the SMADs. Cell cycle deregulation is believed to contribute to the resistance of malignant 

cells to Gl arrest by TGF-ß (reviewed in 291). 

TGF-ß induces cell cycle arrest in the Gl phase via a number of pathways that lead 

ultimately to inhibition of the Gl cyclin-dependent kinases (Cdks). The cyclin dependent 

kinases (Cdks) are key mediators of progression through the cell cycle and are regulated by 

phosphorylation, cyclin binding, and by the binding of Cdk inhibitory proteins (reviewed in 14). 

During Gl to S phase progression, the D-type cyclins bind Cdk4 and Cdk6 and the E-type 

cyclins bind Cdk2, contributing to kinase activation and Gl-to-S phase progression. The Gl 

phosphatase Cdc25A plays an essential role in Cdk activation by the removal of inhibitory 

phosphates from Cdk2 6 and possibly also from Cdks 4 and Cdk6 179. Cdc25A may be 

transcriptionally upregulated by c-myc 8. Two families of Cdk inhibitory proteins oppose Cdk 

activation. p2lWAF1/CiP-1, p27Kipl and pSl^2 belong to the KIP (kinase inhibitory protein) family 

and contribute to the inhibition of cyclin El-Cdk2 complexes in the Gl phase.    pl5INK4B, 
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pl6INK4A, pi8
INK4C, and pl9INK4D belong to the INK4 (inhibitors of Cdk4 and Cdk6) family and 

act to inhibit Cdk4 and Cdk6 (reviewed in 14). 

In several cell types, including human mammary (HMECs) and mink lung epithelial 

cells, TGF-ß induces and stabilizes the p 15 protein, which leads to its binding to, and inhibition 

of, Cdk4 and Cdk6 complexes 50'51-292. TGF-ß also causes the accumulation of p27 in cyclin El- 

Cdk2 complexes leading to Cdk2 inhibition m-172. Changes in several key cell cycle regulators 

cooperate to induce TGF-ß arrest, including downregulation of c-myc 172'174, Cdc25A 179 and 

cyclin Dl and in some cell types, upregulation of p21 291. Deregulation of various cell cycle 

targets including cyclin and Cdk overexpression, Cdk inhibitor inactivation, and Myc or Cdc25A 

overexpression are believed to contribute to TGF-ß resistance in cancer 291. 

Although mouse embryonic fibroblasts (MEFs) from p277" mice retain TGF-ß sensitivity 

39, several studies have indicated an association between altered p27 regulation and the 

development of TGF-ß resistance. Our previous work showed that the acquisition of TGF-ß 

resistance in human mammary epithelial cells was associated with altered phosphorylation, 

altered Cdk inhibitory activity, and cytoplasmic mis localization of the p27 protein 293. Although 

p27 mutations are rare in human tumors, increased proteasomal degradation of p27 is observed 

in a number of cancers, including breast, colon and prostate and the reduced levels are associated 

with poor patient prognosis (reviewed in 262-294). Relatively little is known about the 

compensatory mechanisms invoked by a non-transformed cell following a reduction in p27 

protein levels, although a few reports support a role for compensation by other Cdk inhibitors to 

maintain normal cell cycle control. For example, in serum-starved p27"/_ mouse embryonic 

fibroblasts (MEFs), the accumulation of the retinoblastoma family member, pl30Rb2, in cyclin E- 

Cdk2 complexes compensated for the p27 loss and enabled cells to undergo proliferative arrest in 

the Gl phase 295. 
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The present study investigated the requirement for p27Kipl in maintaining Gl arrest by 

TGF-ß in finite lifespan human mammary epithelial cells (HMECs) and in cancer-derived lines. 

Using antisense p27 oligonucleotides to inhibit p27 expression, we show that HMECs, but not 

the tumor cell lines, maintain Gl arrest following p27 downregulation via a compensatory 

accumulation of p21 and pi30 in cyclin E-Cdk2 complexes. These data suggest that p27 plays 

an essential function in these malignant lines to maintain TGF-ß arrest, and a redundant function 

in the finite-lifespan HMEC that can be compensated by other Cdk inhibitors. 

RESULTS 

How does TGF-ß effect cell cycle in normal and malignant breast cells? 

We compared the TGF-ß responsiveness of human mammary epithelial cells (184 

HMEC, passage 11), WM35, MCF-10A, and MCF-7 cells (Fig. 1A). 184 HMEC cells are a 

finite-lifespan mammary epithelial strain, MCF-10A is a spontaneously immortalized non- 

malignant breast epithelial cell line, the MCF-7 is a malignant breast cancer line. WM35 line is 

a malignant melanoma cell line that we used for comparative purposes in this study since it is a 

malignant although highly TGFß sensitive cell line. Cells were treated for 48 hours in the 

absence (-) or presence (+) of TGF-ß (Fig. 1A). 184 and WM35 cells had similar sensitivity to 

TGF-ß, undergoing Gl arrest with an approximately 80% reduction in the proportion of cells in 

S phase following 48 hours of TGF-ß treatment (10ng/mL). The MCF-10A and MCF-7 cell lines 

were less sensitive than the 184 HMEC or WM35, but both underwent partial Gl arrest with 100 

ng/mL TGF-ß with over 50 % reduction in the proportion of cells in S phase. The data graphed 

represent the mean of three repeat assays. 

TGF-ß effects on cyclin and Cdk inhibitor levels- The levels of the relevant Gl cyclins, Cdks 

and Cdk inhibitors were assayed by Western analysis in 184, MCF-7 and WM35 cells in the 
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absence (-) or following a 48 hour exposure (+) to TGF-ß (Fig IB). Although cyclin Dl levels 

were similar in all three lines, cyclin El levels were approximately 2.5-fold greater in the 

untreated cancer-derived MCF-7 and WM35 cells compared to the 184 HMEC cells. Cyclin El 

and cyclin Dl levels showed no consistent alteration by TGF-ß treatment in repeat assays. The 

levels of Cdk2, Cdk4, and Cdk6 were also unchanged by TGF-ß (data not shown). The levels of 

p27 were higher in the cancer-derived lines, with asynchronous MCF-7 cells having 

approximately fifteen-times, and YVM35 cells having approximately three times greater p27 

levels than asynchronous 184 HMEC cells. TGF-ß treatment did not alter p27 protein levels in 

the HMEC, but levels rose by approximately 1.5-fold in the MCF-7 line and three-fold in the 

WM35. Total p21 levels were similar in all three lines. p21 levels were unchanged in the 184 

and MCF-7 cells following TGF-ß. The WM35 cells showed a transient increase in p21 levels at 

18-30 hours of TGF-ß treatment followed by a return to similar levels as in the asynchronous 

population by 48 hours. pl5 levels were much higher in the 184 HMEC compared to the MCF-7 

line; WM35 are pl5 null due to a deletion of the gene 184. TGF-ß treatment of 184 HMEC cells 

led to a three-fold increase in pl5 levels following TGF-ß treatment. In MCF-7 cells, pl5 could 

not be detected in the short exposure times (3-5 minute) that were used to detected pl5 from the 

184 HMEC. However, a longer exposure of the film (1 hr) showed that pl5 levels increased by 

1.5 to 2-fold in TGF-ß treated MCF-7 cells (Fig. 1C). 

Given that the pl30Rb2 protein, like p2lWAF-1/CiP-1 and p27Kipl, has a Cdk inhibitory 

domain and can also accumulate in and inhibit Cdk complexes 295, pi30 protein levels were 

assayed in asynchronously proliferating and TGF-ß treated cells by Western analysis, pi30 

levels were much lower in HMEC cells compared to the cancer-derived lines (Fig. 15). TGF-ß 
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Figure. 1. Effects of TGF-ß on the cell cycle profile and Gl regulatory proteins. A, 
Flow cytometric analysis of asynchronously proliferating (-) and 48 hr TGF-ß (+) 
treated 184, WM35, MCF-10A and MCF-7 cells. B, Cell lysates from the treatment 
groups in (A) were analyzed by Western blotting using the indicated antibodies. C, 1 
hour exposure of the film shown in B of pl5 protein in MCF-7 in the absence (-) 
and following (+) 48 hr TGF-ß treatment. 184 and WM35 were treated with 10 
ng/mL TGF-ß; MCF-10A and MCF-7 with 100ng/mL TGF-ß. 
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modestly increased pi30 levels (less than 1.5- fold) in HMEC, but did not alter levels in the 

tumor-derived lines.   Equal loading was verified by ß-actin. 

How does TGF-ß effect cvclin-Cdk composition and activities? 

The levels of p21, p27, pi30 and Cdk2 in cyclin El complexes were assayed following 

immunoprecipitation of equivalent levels of cyclin El from asynchronously proliferating and 

TGF-ß treated 184, MCF-7 and WM35 cells (Fig 24). Cyclin El-bound Cdk2 levels were 

similar and were not altered by TGF-ß in repeat assays in all three lines. Cyclin El-bound p21 

levels were unaltered in 184 HMEC cells following TGF-ß treatment, but TGF-ß treatment of 

MCF-7 and WM35 cells led to a modest increase (1.5 to 2 fold) in p21 binding to cyclin El. p27 

increased in cyclin El complexes in all three cell types following TGF-ß treatment (Fig IB). 

Paradixally, asynchronously proliferating cancer-derived lines showed a greater amount of cyclin 

E-bound p27 than did HMECs. Cyclin El-bound p27 levels were approximately 8-15 times 

higher in proliferating MCF-7 and WM35 than in 184 cells. Cyclin El-bound p21 was also two 

fold higher in the cancer derived lines than in 184 HMEC. pi30 was detected in cyclin El 

complexes in both asynchronously proliferating and TGF-ß treated cells (Fig 2A). Although the 

total pi30 levels were much lower in 184 HMEC cells compared to the cancer-derived lines (see 

again Fig IB), the levels of cyclin El-bound pl30 were approximately 5 to 10 fold higher in 184 

HMEC cells than in the cancer derived lines, pi30 binding to cyclin El-Cdk2 was only 

modestly increased by TGF-ß treatment in all three cell types. 

The histone HI kinase activity of cyclin El-complexes shown in Fig 1A was assayed as 

described in the Experimental Procedures (Fig 2Q. Although equal amounts of cyclin El were 

precipitated, cyclin El-associated kinase activities in the cancer-derived lines were four-to-five 

times greater than that in the asynchronously proliferating 184 HMEC. TGF-ß treatment of the 
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Figure.2. Gl Cdk complexes are regulated differently in normal and cancer-derived lines. A, Cyclin El- 
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were resolved and assayed for associated p21, pl30 and Cdk2, or B, associated p27. C, Cyclin El 
immunoprecipitates were also analyzed for associated histone HI kinase activity as described in 
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proliferating and TGF-ß treated cells. 
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184 HMEC led to a nearly complete (>95%) inhibition of cyclin El-associated kinase activity. 

WM35 cells also showed 90 % reduction in kinase activity associated with the Gl arrest. Cyclin 

El-associated kinase activity in the MCF-7 cells was reduced by TGF-ß by approximately 60 %. 

The data graphed represents the average of repeat assays. Representative histone HI kinase 

autoradiography is shown in the inset. 

Loss of pl5 upregulation by TGF-ß in MCF-7 and WM35. We assayed the levels pl5 

and cyclin Dl present in Cdk6 complexes from asynchronously proliferating and TGF-ß treated 

cells (Fig 2D). Despite similar total cyclin Dl and Cdk6 levels, there was more cyclin Dl bound 

to Cdk6 in asynchronously proliferating MCF-7 and WM35 than in 184 HMEC (see Fig IB and 

2D). TGF-ß caused a two to three-fold reduction in the levels of Cdk6-bound cyclin Dl in 184 

cells, while cyclin Dl-Cdk6 association was not reduced by TGF-ß in the MCF-7 and WM35 

lines. Cdk6 bound pl5 was significantly higher in asynchronously proliferating 184 than MCF-7 

cells. The level of pl5 bound to Cdk6 increased approximately 5-fold following TGF-ß arrest of 

the 184 HMEC. In contrast, levels of pl5 were significantly reduced and Cdk6-bound pl5 levels 

did not increase following TGF-ß treatment of MCF-7, even on longer exposure of the Cdk6- 

associated pl5 blot (shown in Fig IE). WM35 cells lack Cdk6-bound pl5 due to a bi-allelic loss 

of the pi5 gene184. 

Increased c-myc and Cdc25A levels in cancer derived lines. The cancer-derived lines 

in our study showed a number of differences in the regulation of p27, cyclin Dl, cyclin El, and 

pl5 compared to the 184 HMEC. The levels of cyclin El-Cdk2 bound p27 were increased 

despite elevated cyclin El-associated kinase activities in both asynchronously proliferating and 

TGF-ß treated MCF-7 and WM35 lines. We observed increased cyclin Dl bound to Cdk6 

complexes and a failure to accumulate pl5 in Cdk6 complexes following TGF-ß treatment of the 

cancer-derived lines. These observations prompted us to assay the levels of c-myc, since c-myc 
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has been shown to interfere with p27 function at many levels and to repress pi5 induction 180'299" 

301. c-myc may also transactivate the Cdc25A gene 8, whose product is an important activator of 

Cdk2 and whose downregulation plays an important role in Gl arrest by TGF-ß 179. 

The levels of c-myc and Cdc25A proteins were assayed in the cancer-derived MCF-7 and 

WM35 cell lines and in the 184 HMEC (Fig IF), c-myc levels were five to ten-fold greater in 

the cancer-derived MCF-7 and WM35 lines; Cdc25A levels were approximately fifteen to 

twenty-fold higher. TGF-ß treatment of the cancer-derived lines failed to downregulate c-myc 

and Cdc25A proteins to the same extent as was observed in the finite lifespan 184 HMEC, with 

five to ten-fold higher levels of c-myc and Cdc25A remaining in the TGF-ß treated cancer lines 

than in the arrested 184 HMEC. 

Do normal and malignant breast cells differ in their ability to maintain Gl arrest following 

lossofp27? 

As mentioned in the Introduction of this Report (Section I) p27 was discovered as a 

mediator of cyclin E-Cdk2 inhibition and Gl arrest by TGF-ß 17U72. However, in different cell 

types other changes in Gl regulators appear to contribute to TGF-ß mediated arrest (reviewed in 

291). To specifically address the requirement for p27 in TGF-ß-mediated Gl arrest, we tested 

whether the antisense-mediated inhibition of p27 expression would abrogate TGF-ß arrest in 184 

HMEC, WM35, MCF-7 cells or MCF-10A cells. Cells were treated with TGF-ß for 36 hours 

followed by a six-hour transfection with antisense-p27 (ASp27) or mismatch (MSp27) 

oligonucleotides or lipid alone (C) as controls. Fresh media containing TGF-ß was added back 

following transfection. Cell cycle and protein analysis were performed immediately after the 

transfection and at 24 hours. p27 protein levels were reduced by three-to-five fold following 

ASp27 transfection and levels remained low at 24 hours post-transfection (Fig 3A). p27 levels in 

the control and mismatch oligonucleotide-transfected groups were similar.  The transfection did 
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not alter protein levels of other Gl regulators examined including p21, pi30, cyclin El, cyclin 

Dl and Cdk2 and Cdk6 (data not shown). 

ASp27 caused TGF-ß arrested MCF-7 and WM35 to re-enter the cell cycle but had no such 

effect on arrested 184HMEC or MCF-10A cells. Flow cytometric analysis at 24 hours showed 

that ASp27 transfection led to a decrease in the proportion of cells in Gl and an increase in the 

proportion in S phase in the tumor-derived WM35 and MCF-7 lines (Fig 35). Approximately 

25-30 % of these cells were in S phase at 24 hrs post-transfection compared to only 9-15 % for 

the lipid and mismatch controls. Equal amounts of cyclin El were immunoprecipitated from 

ASp27 treated and from MSp27 or lipid controls, and histone HI kinase activities were assayed. 

Reactivation of cyclin El-dependent kinase accompanied cell cycle re-entry following antisense 

mediated inhibition of p27 expression in TGF-ß treated MCF-7 and WM35 (shown for WM35 in 

Fig 3Q. 

In contrast, the cell cycle profiles of the finite lifespan 184 HMEC cells and the 

immortalized MCF-10A line were not altered by ASp27 transfection. Repeat assays showed that 

the cyclin El-associated kinase remained inhibited in Gl arrested ASp27-transfected 184 

HMEC, as it did in TGF-ß treated lipid and mismatch controls (Fig 3Q. Thus, p27 is required to 

maintain Gl arrest by TGF-ß in these tumor-derived lines but not in finite lifespan nor immortal, 

non-malignant mammary epithelial cells. 

The failure of antisense-p27 transfected 184 HMEC and MCF-10A cells to re-enter the 

cell cycle was not due to toxicity, since replacement of the TGF-ß containing media with 

complete media (no TGF-ß) led to cell cycle re-entry (data not shown). Since early passage and 

late passage HMEC cells differ in their responsiveness to TGF-ß165, we repeated the ASp27 

transfection experiments with mid-passage (passage 15) and late passage (passage 20) 184 
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Figure3. Maintenance of TGF-b mediated Gl arrest in the HMEC, but not malignant 
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HMEC.   Regardless of passage, HMEC cells maintained Gl arrest in the presence of TGF-ß. 

The failure of the malignant tumor-derived lines to maintain Gl arrest following ASp27 was 

unlikely to have been due to differences in the intrinsic TGF-ß sensitivity of the cell types.  The 

finite lifespan 184 HMEC and malignant WM35 lines had similar TGF-ß sensitivity, as did the 

non-malignant MCF-10A and malignant MCF-7 cells lines, yet only 184 and MCF-10A cell 

types maintained arrested by TGF-ß following p27 downregulation. 

What mechanisms are responsible for normal breast cells maintaining Gl arrest 

following p27 loss? 

To investigate mechanisms contributing to maintenance of TGF-ß arrest in 184 HMEC 

and immortal MCF-10A, despite the antisense-mediated decrease in p27 expression, we assayed 

the levels of p21, p27, and pi30 bound to cyclin El in ASp27-transfected, TGF-ß-treated cells. 

In all of the four cell types, ASp27 treatment significantly reduced the levels of p27 in cyclin El 

complexes (shown for 184 HMEC and WM35 in Fig 3D). In the 184 HMEC, the reduction in 

cyclin El-bound p27 was associated with an approximately three-to-five-fold increase in cyclin 

El-bound p21 and a five-to-ten fold increase in the level of pi 30 in the cyclin El complexes (Fig 

3D). TGF-ß treated MCF-10A also showed an increase in cyclin El-bound pl30 and p21 

following antisense-mediated loss of p27 and remained arrested. In the cancer derived MCF-7 

and WM35 lines, however, there was no increase in pl30 association with cyclin El complexes, 

cyclin El-bound p21 decreased in ASp27 treated cells compared to the lipid (C) and mismatch 

(MS) cells and ASp27 led to cell cycle re-entry. 

FURTHER DISCUSSION BY AWARDEE 

Loss of sensitivity to the growth inhibitory effect of TGF-ß is common in human tumor- 

derived cell lines and is thought to contribute to malignant tumor progression166. Although 
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increased p27 proteolysis and TGF-ß resistance have both been shown to occur early in 

tumorigenesis, previous work has not provided a causal link between p27 deregulation and loss 

of Gl arrest by TGF-ß during oncogenic progression.  With the exception of the increased size 

of p27 null mice compared to the wild type mice, the relative absence of alterations in 

development, differentiation and cell cycle control in p27 null mice suggests that compensation 

by other cell cycle regulators may occur in the absence of p27 37"39'172. Indeed, mouse embryonic 

fibroblasts (MEFs) obtained from p27 null mice retain sensitivity to many growth inhibitory 

stimuli, including TGF-ß39. The present study demonstrates that p27 is an essential mediator of 

Gl arrest by TGF-ß in two malignant lines, the MCF-7 breast cancer cell line and the WM35 

melanoma line.  Antisense mediated inhibition of p27 expression led to cyclin El-Cdk2 

reactivation and cell cycle re-entry.  However, p27 was not essential for Gl arrest by TGF-ß in 

two non-tumor derived cell types, the finite-lifespan 184 HMEC and the immortalized MCF-10A 

line.   In these cells, a compensatory increase in binding of p21WAF-I/CIp-1 and pl30Rb2 to cyclin 

El-Cdk2 complexes accompanied maintenance of the Gl arrest. 

A number of studies using oncogene transformed and or cancer-derived cell lines support 

the notion that p27 loss or deregulation is associated with impaired TGF-ß arrest response. 

Overexpression of the Bcr-Abl kinase in human M07 cells and murine Ba/F3 cells led to the 

proteosomal degradation of p27 and this was associated with TGF-ß resistance 302. Oncogenic 

ras activation led to cytoplasmic mislocalization of p27 and to TGF-ß resistance in epithelial cell 

lines 303. In the WM35 and 184HMEC used in this study, we have shown that overexpression of 

activated PKB impairs TGF-ß responsiveness at least in part through PKB-mediated 

phosphorylation of p27 leading to its cytoplasmic mislocalization 304. Furthermore, 

overexpression of the viral oncoprotein El A in mink lung epithelial cells 305 caused TGF-ß 

resistance. El A bound to and blocked the accumulation of p27 in cyclin El-Cdk2 complexes in 
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response to TGF-ß. In the present study, we observed differences in p27 regulation in the 

cancer-derived lines compared to the finite lifespan 184 HMEC. The cancer-derived lines, 

especially MCF-7, had a paradoxically high amount of p27 present in cyclin El-Cdk2 complexes 

in asynchronously proliferating cells. In addition, cyclin El-Cdk2 complexes from both cancer- 

derived lines had higher kinase activities than asynchronous 184 HMEC, despite more cyclin El- 

bound p27 and p21. These data suggest that the Cdk inhibitory activity of the KIPs may be 

impaired in MCF-7 and WM35 cells. In the context of functional KIP deregulation, even a 

modest loss of p27 via antisense might have a critical effect since compensatory action by p21 

may be impaired. 

The pl30Rb2 protein may play an important compensatory role to maintain checkpoints 

following p27 loss in several cell types, including epithelial cells as we report here, and also in 

fibroblasts. In p27_/~ MEFs, the accumulation of pi30 in cyclin E-Cdk2 complexes compensated 

for the absence of p27 and contributed to Cdk2 inhibition and Gl arrest following either 

pharmacologic PI3K inhibition or serum starvation ' . Other studies support a role for pi30 

in the proliferative arrest by TGF-ß. Herzinger et al showed an accumulation of pi30 in E2F 

complexes and repression of E2F regulated genes during TGF-ß arrest of human keratinocytes 

307. We detected pi30 in cyclin El-Cdk2 complexes from both asynchronously proliferating and 

TGF-ß treated cells. In all cells assayed, TGF-ß treatment induced a modest, yet similar, 

increase in the levels of cyclin El-bound pl30. Surprisingly, despite 15 to 20 fold higher pl30 

protein levels in the two malignant tumor-derived lines than in the non-malignant cells, the levels 

of pl30 bound to cyclin El-Cdk2 were five to ten-fold less in these cancer-derived lines than in 

the HMEC. Thus, mechanisms that regulate pi30 binding to cyclin El-Cdk2 complexes may 

differ between the HMEC and cancer-derived lines. 
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pi30 deregulation has been observed, and may have independent prognostic value, in 

several types of human cancers 308-310. Altered pi30 regulation has been reported in the context 

of altered p27 regulation and may contribute to loss of responses to antiproliferative stimuli. For 

example, the viral E1A protein can bind and inactivate both p27 and pl30, and E1A 

overexpression leads to TGF-ß resistance 305. In addition, p27-/- lymphocytes, which express 

lower pi30 levels than p27-/- MEFs, fail to commit to Gl arrest following serum starvation 295. 

Thus, deregulation of both pi30 and p27 may potentially lead to a loss of normal proliferative 

control during tumor progression. Future studies may elucidate whether pi30 deregulation 

further stratifies for poor patient outcome among patients whose tumors show reduced p27. 

Our data support a notion that deregulation of multiple Gl cell cycle regulators may be 

required before cells lose responsiveness to antiproliferative effects of TGF-ß. Deregulation of 

other Gl regulators may ultimately be required before p27 is rate limiting for Gl arrest by TGF- 

ß. pl5 has been shown to cooperate with p27 in Gl arrest by TGF-ß 292. pl5 is not required for 

Gl arrest by TGF-ß since both MCF-10A 179 and WM35 184 retain TGF-ß responsiveness despite 

a lack of pl5 expression. Moreover, pl5 loss per se does not make cells dependent on p27 for 

TGF-ß mediated Gl arrest. While both MCF-10A and WM35 are pl5 deficient, ASp27 

abrogated TGF-ß arrest in only the WM35 and not the MCF-10A. These data suggest that 

WM35 has undergone a disruption of the pathways that become activated by TGF-ß in pl5 

deficient MCF-10A line as a compensatory response to p27 downregulation. One of these may 

be the compensatory increase in pi30 binding to Cdk2. The disruption of both p 130 and p 15 

regulation in cancers may alter the role of p27 from a redundant to essential mediator of Gl 

arrest by TGF-ß. 

c-myc plays an important role in the regulation of many Gl cell cycle proteins, including 

cyclin El, p27, p21, pl5 and Cdc25A, and ectopic overexpression of c-myc causes TGF-ß 
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resistance 2". In MCF-7, the elevated c-myc levels may contribute to the loss of induction of 

pl5 by TGF-ß. Increased c-myc may also be linked to the impaired antiproliferative role of pi30 

and could contribute to the increased expression of Cdc25A 8 in MCF-7 and WM35. 

Cdc25A downregulation contributes to Gl arrest by TGF-ß179. The increased basal Cdc25A 

levels seen in MCF-7 and WM35 may contribute to the increased cyclin El-Cdk2 activities 

observed in these lines. Loda and colleagues have shown increased mortality in breast cancer 

patients whose tumors expressed both elevated Cdc25A and low p27 313. In addition, there was a 

positive correlation between Cdk2 activity and Cdc25A expression in the breast cancers studied. 

Increased Cdc25A expression and activity would oppose the cyclin El-Cdk2 inhibitory function 

of p27. In cancers with Cdc25A overexpression, maintenance of p27 expression and function 

may become critical for continued responsiveness to antiproliferative stimuli such as TGF-ß 

In summary, our data support the notion that the reduction in p27 levels may be an 

important contributing factor in the loss of normal responsiveness to growth inhibitory stimuli 

during cancer progression. Importantly, the reduction in p27 levels alone may be insufficient to 

disrupt cell cycle arrest responses due to compensation from other cell cycle regulators. Our 

antisense experiments suggest that normal mammary epithelial cells maintain their 

antiproliferative responses at least in part through activation of the Cdk inhibitory function of 

p21 and pi30 when p27 levels are reduced. Loss of these and other normal checkpoint controls 

during malignant progression may make p27 essential for Gl arrest by TGF-ß. 
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KEY RESEARCH ACCOMPLISHMENTS: 

• Demonsrated estradiol promotes cell cycle re-entry associated with p21 and p27 

downregulation and cyclin D/cdk4 and cyclin E-cdk2 activation 

• Demonsrated p27 and p21 accumulate in cyclin E-cdk2 complexes following treatment of 

ER positive MCF-7 cells with the pure antiestrogen ICI 182780 or the partial antiestrogen 4- 

hydroxytamoxifen 

• Demonsrated that antiestrogen treated leads to near complete inhibition of cyclin E- 

associated kinase activity in MCF-7. 

• Demonsrated that p21 and p27 are both essential for the cyctostatic effects of antiestrogens 

in MCF-7 

• Developed assay for p27 immunohistochemical studies and showed strong nuclear 

localization of p27 in Gl arrested cells. 

• Established the deregulated p27 function in the LY-2 line including increased cyclin E 

binding and failure to increase following antiestrogen treatment. 

• Demonstrated that p27 deregulation was associated with MAPK activation in several 

antiestrogen resistant lines (LY-2, LCC2 and HER-2/MCF-7) 

• Demonstrated that MAPK activation directly causes antiestrogen resistance in MCF-7 lines 

overexpressing constitutively active MEK 

• Demonsrated that p27 levels are reduced in MEK clones, but that cyclin E-cdk2 binding is 

maintained 

• Demonstrated that MEK clones like LY-2 also fail to upregulate p27 binding in cyclin E- 

cdk2 followign antiestrogen treatment. 
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KEY RESEARCH ACCOMPLISHMENTS (CON'T): 

• Demonstrated that p27 has altered phosphorylation in LY-2 antiestrogen resistant lines and 

also in MEK overexpressing MCF-7. 

• Demonsrated that MEK inhibition restores antiestrogen sensitivity in antiestrogen resistant 

LY-2 and also in Her-2/MCF-7 

• Demonsrated that restoration of antiestrogen responsiveness in (12) above is associated with 

accumulation of p27 in cyclin E-cdk2 complexes 

• Demonsrated via a kinase assay that p27 from LY-2 and MCF-7/MEK is a poorer inhibitory 

of cyclin E-cdk2 in vitro. 

• Demonstrated that the combination of MEK inhibition and antiestrogen treatment restores 

the phosphorylation pattern of p27. 

• Began developing immunohistochemical assays for active MAPK staining in paraffin 

embedded formalin fixed breast cancer tissues. 

• Demonstrated that p27 is a key effector of Gl arrest by TGF-ß in MCF-7 and WM-35 

cancer lines but not in non-malignant mammary epithelial cells (HMEC). 

• Demonstrated that maintainance of Gl arrest in HMEC cells is associated with accumulation 

of p21 and pi30 in cyclin E-cdk2 and cyclin E-cdk2 inhibition. 

86 



REPORTABLE OUTCOMES 

PUBLICATIONS 

1 

7 

Donovan JC, Milic A, Slingerland JM. Constitutive MEK/MAPK activation leads to 
p27Kipl deregulation and antiestrogen resistance in human breast cancer cells. J Biol 
Chem. Nov 2001. 

Donovan J, Slingerland J. Transforming growth factor-beta and breast cancer: Cell cycle 
arrest by transforming growth factor-beta and its disruption in cancer. Breast Cancer Res 
2000;2(2): 116-24. 

Sandhu C, Donovan J, Bhattacharya N, Stampfer M, Worland P, Slingerland J. 
Reduction of Cdc25A contributes to cyclin El-Cdk2 inhibition at senescence in human 
mammary epithelial cells. Oncogene. 2000 Nov 9;19(47):5314-23. 

Cariou S, Donovan JC*, Flanagan WM, Milic A, Bhattacharya N, Slingerland JM. 
Down-regulation of p21WAFl/CIPl or p27Kipl abrogates antiestrogen-mediated cell 
cycle arrest in human breast cancer cells.    Proc Natl Acad Sei U S A   2000 Aug 
l;97(16):9042-6. 
(*co-first author) 

Donovan JC, Rothenstein J, Milic A, and Slingerland J. p27 is an essential mediator of 
Gl arrest in normal but not malignant epithelial cells, (manuscript submitted August 
2002) 

Donovan JC and Slingerland, JM. The role of ras signaling to antiestrogen resistance in 
breast cancer, (manuscript in preparation) 

8 Donovan J, Tannock I and Slingerland J. "Cell cycle regulation in normal and 
malignant cells." The Basic Science of Oncology (4th Edition). Publication 
expected Fall 2002. 

POSTERS/ABSTRACTS: 

1 Donovan J, Milic A., Cariou S, Slingerland J. 'The MAPK Pathway: New Molecular 
Targets in the Therapy of Hormone Resistant Breast Cancer." Keystone Symposia On 
Cancer Intervention, Durango, Colorado, Feb 28-Mar 5, 2001. 

2 Cariou S, Donovan J, Flanagan M, Milic A, Bhattacharya N, Slingerland J.   'The cell 
cycle inhibitors, p21 and p27 are essential for the therapeutic effects of antiestrogens in 
human breast cancer cells." Era of Hope DOD Breast Cancer Research Program Meeting 
Atlanta, GA, June 8-11, 2000 

87 



3 Donovan J, Cariou S, Milic A, Bhattacharya N, Flanagan M, Slingerland J.   "p27Kipl:  a 
key effector of Estradiol:ER signaling."  Signaling 2000, Keystone Symposia, Keystone 
Colorado, January 22-28, 2000. 

4 Donovan J, Cariou S, Bhattacharya N, Slingerland J. "Regulation of the cell cycle 
inhibitor p27 by estrogens and anti-estrogens." Salk Institute Cell Cycle Meeting San 
Diego, CA, June 18-22, 1999. 

5 Rothenstein J, Donovan J, Slingerland, JM. p27 is a key effector of TGF-ß arrest in 
malignant breast cancer cells. Annual Research Day, University of Toronto, June 2001 

PRESENTATIONS 

The MAPK Pathway: New Molecular Targets for the therapy of hormone resistant breast 
cancer. Conference on Hormones and Cancer, Australia, 2001 

Regulation of p27 by estrogens and antiestrogens.   Sunnybrook & Women's College Health 
Sciences Centre, Toronto, ON, October, 2001 

MAPK activation contributes to tamoxifen resistance.    Department of Medical Biophysics 
speaker. University of Toronto, April 2002. 

MAPK and p27 deregulation in ER positive breast cancer cells.   June 2001.   University of 
Toronto. Sunnybrook & Women's College Health Sciences Centre. 

DEGREES TO BE OBTAINED: 

PhD to be conferred November 2002, Toronto Ontario 

CELL LINES DEVELOPED: 

MCF-7-MEK1 



CHAPTER VI 

CONCLUSIONS 

89 



This final Section offers a summary of the major findings of the work conducted by the awardee. 

Anteistrogens cause Gl arrest in ER positive breast cancer cells 

About two-thirds of newly diagnosed breast cancers express the estrogen receptor (ER), 

and women with ER positive breast cancers are candidates for antiestrogen therapy 215. 

Presently, the most widely prescribed antiestrogen is Tamoxifen (TAM). TAM has shown 

efficacy in reducing the incidence of contralateral breast cancer and improving survival in 

women with metastatic disease. More recently, tamoxifen has shown efficacy in preventing 

breast cancer in women at high risk for the disease314. Unfortunately, only about 60 % of women 

who begin antiestrogen therapy for metastatic disease initially respond; in the remaining women 

the disease progresses. Invariably, the vast majority of women who initially respond to 

antiestrogen therapy develop resistance. In the majority of cases, this occurs without loss of the 

estrogen receptor215. Understanding the mechanisms that lead to antiestrogen resistance may 

allow for improved therapeutic strategies to treat breast cancer. 

We used the MCF-7 breast cancer cell line to study the effect of estrogens and 

antiestrogens on the cell cycle (Section II)36. MCF-7 cells are exquisitely sensitive to estradiol 

and undergo cell cycle arrest in G0/G1 in estradiol-depleted charcoal stripped serum. Re- 

addition of estradiol to quiescent cells leads to synchronous cell cycle re-entry. Progression from 

GO to the Gl/S border was observed 12 hours following the addition of estradiol. Maximal S 

phase entry occurred by 24 hours. Estadiol mediated cell cycle entry led to cyclin Dl-Cdk 4 and 

cyclin Dl-Cdk6 activation that was maximal at 6 hours followed by activation of cyclin El- 

Cdk2. Cell cycle entry was accompanied by a reduction in the total protein levels of p21 and 

p27 and a reduction in their association with cyclin El-Cdk2 complexes. These data concur with 

other published studies218,236"238. 
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The estradiol mediated reduction in p21 and p27 levels was essential for cell cycle entry. 

We showed that antisense oligonucleotides targeting p21 (ASp21) or p27 (ASp27) caused a three 

to five fold downregulation of their respective protein levels and also a reduction in p21 and p27 

association with cyclin El-Cdk2 complexes. Antisense p21 or antisense p27 transfection 

mimicked the effects of estradiol by promoting cell cycle entry. Thus, we concluded that a key 

effect of ER signaling is to relieve KIP-mediated inhibition of Cdk2. 

We showed that antiestrogens caused Gl arrest via a mechanism that involved the 

accumulation of p21 and p27 in cyclin El-Cdk2 complexes and inhibition of this kinase. 

Inhibition of either p21 or p27 expression in antiestrogen treated cells in antiestrogen arrested 

cells led to cell cycle re-entry. This was observed in cells arrested by either the antiestrogen ICI 

182780, 4-hydroxy-tamoxifen or by estradiol depletion. Cell cycle entry was associated with 

loss of KIP binding to cyclin E-Cdk2 complexes and activation of these complexes. These data 

demonstrated that the cell cycle arrest by antiestrogens requiredp21 and p27 and also that these 

Cdk inhibitors are not merely upresulated as a consequence of cell cycle arrest. Breast cancers 

lacking p27 or p21 are likely to be antiestrogen resistant. 

In the Section HI, I investigated how p27 deregulation may contribute to antiestrogen 

resistance in human breast cancer cell lines. Although inhibition of KIP expression via antisense 

strategies led to resistance to Gl arrest by antiestrogens, KIP protein levels was not reduced in 

several cell lines selected for antiestrogen resistance U9. I showed that p27 deregulation 

contributed to the antiestrogen resistant phenotype. In the antiestrogen resistant MCF-7 

derivative LY-2, I observed a modest increase in p27 protein levels in asynchronously 

proliferating cells. p27 from LY-2 associated with cyclin El-Cdk2 to a greater degree than in the 

parental MCF-7  line in both asynchronously proliferating  and  antiestrogen treated cells. 
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Paradoxically, despite an increased binding of p27 to cyclin E-Cdk2 in LY-2 cells, cyclin E-cdk2 

activity was more active. In addition, immunoprecipitated p27 protein in the LY-2 line showed 

associated kinase activity. In contrast, there was no detectable p27-associated kinase activity in 

MCF-7. These data suggest that in the LY-2 line, p27 may bind some of the cyclin E-Cdk2 but 

fail to inhibit its kinase activity. Moreover, in contrast the observations in the MCF-7 line, 

antiestrogen treatment of LY-2 did not increase p27 accumulation in cyclin E-Cdk2 complexes, 

and did not lead to inhibition of the kinase activity of cyclin El-Cdk2 complexes. p27 from the 

antiestrogen resistant LY-2 line had altered phosphorylation, and showed reduced inhibitory 

activity in vitro against recombinant active cyclin El-Cdk2. 

I found an association between p42/p44 MAPK (Erk2/Erkl) pathway and the 

antiestrogen resistant phenotype in several MCF-7 derivatives, including LY-2, LCC2 and MCF- 

7/HER-2-18. Overexpression of MEKEE in MCF-7 led to antiestrogen resistance and altered p27 

function. Although total p27 protein levels were reduced in MCF-7 cells overexpressing 

MEKEE, there was no reduction in cyclin E-Cdk2-bound p27 in asynchronously proliferating 

cells. Surprisingly, despite similar p27 levels in cyclin E-Cdk2 complexes, the kinase activity of 

these complexes in MCF-7/MEKEE lines was modestly increased. As in LY-2, antiestrogens 

failed to cause p27 accumulation in cyclin E-Cdk2 and Cdk2 remained active in the MEKEE 

overexpressing cells. Moreover, p27 protein from MCF-7/MEKEE transfectants had altered 

phosphorylation and reduced inhibitory function against recombinant cyclin El-Cdk2 in vitro 

compared to p27 protein from the parental or vector-alone MCF-7 transfectants. Thus, MEK 

activation contributes to antiestrogen resistance at least in part by altering the phosphorylation 

status and the inhibitory function of p27. 

Partial inhibition of MAPK activity by addition of the MAPKK inhibitor U0126 restored 

antiestrogen   sensitivity   in   LY-2   and   also   in   antiestrogen   resistant   MCF-7/HER-2-18 
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transfectants. In both LY-2 and MCF-7/HER-2-18, the combination of U0126 (U) and the 

antiestrogen ICI 182780 (ICI) led to an increase in cyclin E-Cdk2 bound p27, inhibition of cyclin 

E-associated kinase activity and Gl arrest. This restoration of antiestrogen sensitivity was p27 

dependent since antisense transfection into Gl arrested U + ICI-treated cells with antisense-p27 

abrogated Gl arrest. Moreover, MEK inhibition altered p27 phosphorylation and increased the 

Cdk2 inhibitory function of p27. These data suggest that MEK may have an important role in 

the regulation of p27 inhibitory function via phosphorylation. These data strongly suggest a role 

for the continued development of MEK inhibitory drugs in the treatment of antiestrogen 

resistance. 

nil is an essential mediator of Gl arrest by TGF-3 in cancer-derived lines but not in finite 

lifespan HMEC. 

TGF-ß has potent antiproliferative effects in many normal cell types, including epithelial 

cells and melanocytes (reviewed in291). In contrast to non-transformed cells, many cancer- 

derived lines have reduced anti-proliferative responses to TGF-ß or have lost responsiveness 

altogether. Numerous studies have shown that p27 deregulation contributes to the resistance of 

malignant cells to Gl arrest by TGF-ß. In Section V, I tested the requirement for p27 in Gl 

arrest by TGF-ß. I showed that p27 was an essential mediator of Gl arrest by TGF-ß in two 

cancer derived lines, MCF-7 and WM35, but not in two non-tumor-derived human mammary 

epithelial cells (HMEC). TGF-ß treatment of all cell lines led to an accumulation of p27 in 

cyclin El-Cdk2 complexes and a reduction in cyclin El-associated kinase activity. Transfection 

of antisense p27 (ASp27) oligonucleotides into TGF-ß treated WM35 and MCF-7 abrogated Gl 

arrest by TGF-ß and led to cell cycle reentry. In contrast, the non-tumor derived HMEC 

maintained  Gl   arrest  by  TGF-ß   following   inhibition  of p27   expression  by   antisense. 
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Maintenance of Gl arrest in these non-tumor derived cells was associated with accumulation of 

p21WAF-i/ciPi and pl3oRb2in cyclin El-Cdk2 complexes and maintenance of cyclin E-Cdk2 kinase 

inhibition. These compensatory changes were not observed in the cancer-derived MCF-7 and 

WM35 lines. 

Previous studies had shown that certain cell types lacking pl5 retain sensitivity to the 

anti-proliferative effects of TGF-ß. The studies summarized in Section V showed that pl5 loss 

per se does not make cells dependent on p27 to maintain Gl arrest by TGF-ß. Both WM-35 and 

MCF-10A lack pl5 expression, yet the non-transformed MCF-10A line maintains Gl arrest by 

TGF-ß following ASp27 transfection. Thus in non-transformed cells, both p27 and p 15 may be 

dispensible to Gl arrest by TGF-ß, likely as a result of compensation by other cell cycle 

regulators. 

These studies also highlighted an important compensatory role for pi30 in the cell cycle 

arrest pathway by TGF-ß following in cells in which p27 expression is impaired. Two previous 

studies using p27 -/- mouse embryonic fibroblasts subjected to serum starvation or PI3K 

inhibition also showed that pi30 accumulation in cyclin E-Cdk2 can compensate for the p27 null 

status to permit Gl arrest 249'306. Our studies using epithelial cell models, together with these 

two previous studies using fibroblast models strongly support the notion that activation of the 

Cdk inhibitory function of pi30 may serve as a general mechanism to maintain normal cyclin E- 

Cdk2 regulation following loss of p27 inhibitory function. Deregulation of pi30 may lead to 

loss of normal antiproliferative responses in breast cancer. 
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Antiestrogens, such as the drug tamoxifen, inhibit 
breast cancer growth by inducing cell cycle arrest. An- 
tiestrogens require action of the cell cycle inhibitor 
p27mpl to mediate G1 arrest in estrogen receptor-posi- 
tive breast cancer cells. We report that constitutive ac- 
tivation of the mitogen-activated protein kinase (MAPK) 
pathway alters p27 phosphorylation, reduces p27 pro- 
tein levels, reduces the cdk2 inhibitory activity of the 
remaining p27, and contributes to antiestrogen resist- 
ance. In two antiestrogen-resistant cell lines that 
showed increased MAPK activation, inhibition of the 
MAPK kinase (MEK) by addition of U0126 changed p27 
phosphorylation and restored p27 inhibitory function 
and sensitivity to antiestrogens. Using antisense p27 
oligonucleotides, we demonstrated that this restoration 
of antiestrogen-mediated cell cycle arrest required p27 
function. These data suggest that oncogene-mediated 
MAPK activation, frequently observed in human breast 
cancers, contributes to antiestrogen resistance through 
p27 deregulation. 

p27kiPi is a memDer 0f the KIP1 (kinase inhibitory protein) 

family of cdk inhibitors that regulate the cyclin-cdk complexes 
governing cell cycle transitions (1). The importance of p27 as a 
Gj-to-S phase regulator is highlighted by the finding that an- 
tisense-mediated inhibition of p27 expression is sufficient to 
induce cell cycle entry in quiescent fibroblasts (2) and in ste- 
roid-depleted breast cancer cells (3). p27 protein levels are high 
in G0 and early G± during which time p27 binds tightly and 
inhibits cyclin El-cdk2. p27 translation rates decrease, and its 
proteolysis increases during Grto-S phase progression, leading 
to p27 protein loss as cells enter S phase (4-6). p27 proteolysis 
is regulated by phosphorylation of p27 on threonine 187 (Thr- 
187) by cyclin El-cdk2 (7, 8). While mutations or deletions in 
the p27 gene are uncommon (9, 10), p27 degradation is in- 
creased in many cancers, including breast cancer (11, 12). 
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The abbreviations used are: KIP, kinase inhibitory protein; cdk, 
cyclin-dependent kinase; MAPK, mitogen-activated protein kinase; 
MEK, mitogen-activated protein kinase/extracellular signal-regulated 
kinase kinase; ER, estrogen receptor; BrdUrd, bromodeoxyuridine; 2D- 
IEF, two-dimensional isoelectric focusing; AS, antisense. 

An increasing body of data suggests that p27 is regulated by 
mitogenic signal transduction pathways, including Ras- 
dependent activation of the mitogen-activated protein kinase 
(MAPK) pathway (13-17). Many mitogens increase the cellular 
levels of GTP-bound Ras, leading to activation of the down- 
stream target, Raf-1. The Raf-1 kinase can phosphorylate and 
activate the dual specificity kinases MEK1 and MEK2, which 
in turn activate MAPK (also known as p42ERK2 and p44ERK1). 
Once activated, MAPK can phosphorylate several nuclear tran- 
scription factors including Myc, Elk, and Rsk (for review, see 
Ref. 18). p27 itself has several MAPK consensus sites, and 
MAPK can phosphorylate p27 in vitro (16) and reduce the 
ability of recombinant p27 to bind and inhibit cdk2 in vitro (15). 
While constitutive activation of Ras-MAPK can reduce p27 
inhibitory function in immortal and cancer-derived lines, it is 
not clear whether MAPK directly regulates p27 during cell 
cycle progression in normal cell types. 

Studies of p27 regulation by the Ras-MAPK pathway were 
initially carried out in fibroblasts (15, 19, 20). In NIH3T3 
fibroblasts, Ras signaling is required for the down-regulation of 
p27 as cells approach the Grto-S phase transition (13, 20). 
Introduction of a dominant negative ras mutant prevented the 
loss of p27 in response to serum and inhibited S phase entry. 
Others have reported that Ras-MAPK activation reduces the 
ability of p27 to inhibit cdk2 through sequestration of p27 into 
cyclin Dl-cdk4 complexes, rather than by promoting p27 pro- 
tein loss (14). 

Constitutive activation of the MAPK cascade may contribute 
to malignant progression of many human cancers (21). Al- 
though the causes of MAPK activation differ among tumors, in 
many cancers constitutive signaling from cell surface tyrosine 
kinase receptors contributes to activation of the Ras-Raf-1- 
MEK-MAPK pathway. For example, the epidermal growth fac- 
tor receptor and HER2/c-ErbB-2, both of which activate the 
Ras-MAPK pathway, are overexpressed in up to 20 and 30% of 
breast cancers, respectively. Overexpression of these receptors 
has been associated with antiestrogen resistance and poor 
prognosis in primary breast cancers (22-27). Tissue culture 
models suggest that elevated MAPK activity may contribute to 
estrogen-independent growth of breast cancer cells (28-30). 

Antiestrogen drugs, such as tamoxifen, are effective in the 
treatment and prevention of breast cancer (31-33). However, 
only two-thirds of estrogen receptor (ER)-positive breast can- 
cers respond initially to antiestrogen therapy, and even sensi- 
tive tumors invariably acquire antiestrogen resistance (34). In 
most cases, acquired resistance is not due to a loss or mutation 
of the ER (35, 36). Numerous mechanisms have been proposed 
to explain the phenomenon of tamoxifen-resistant ER-positive 
breast cancer, including altered drug metabolism (37), altered 
binding of co-activator and co-repressor molecules to the an- 
tiestrogen-ER complex (38), and altered signal transduction 
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pathways that modulate ER activity (39) or regulate the cell 
cycle machinery (3). 

The cell cycle inhibitor, p27Kpl, is an essential mediator of 
cell cycle arrest by tamoxifen and other antiestrogenic drugs. 
We recently demonstrated that antisense-mediated down-reg- 
ulation of p27kipl abrogated antiestrogen-induced cell cycle 
arrest in the ER-positive MCF-7 breast cancer line (3). p27 
protein levels are frequently reduced in primary breast cancers 
compared with the normal breast epithelium, and low p27 
protein levels are associated with poor prognosis and hormone 
independence (11, 40, 41). These observations stimulated the 
present study to investigate the relationships between Ras- 
MAPK pathway activation, antiestrogen resistance, and p27 
function. Our data indicate that constitutive MEK activation 
alters p27 phosphorylation, reduces p27 inhibitory activity, 
and contributes to antiestrogen resistance in breast cancer. 

EXPERIMENTAL PROCEDURES 

Cell Culture—MCF-7 cells (42) and LY-2 cells (43) were obtained 
from the laboratory of M. Lippman. The LCC2 line was a gift from G. 
Clarke (44). MCF-7 cells, stably transfected with full-length HER2 
cDNA (MCF-7/HER2-18), were kindly provided by C. Arteaga. All lines 
were grown in improved-modified essential medium (option Zn2+) sup- 
plemented with insulin and 10% fetal calf serum. 

Flow Cytometric Analysis—Cells were pulse-labeled with 10 /xM bro- 
modeoxyuridine (BrdUrd) for 2 h and then fixed, stained with anti- 
BrdUrd-conjugated fluorescein isothiocyanate (Becton Dickinson) and 
counterstained with propidium iodide as described (45). Cell cycle anal- 
ysis was carried out on a Becton Dickinson FACScan and Cell Quest 
Software. Values given for flow cytometric analysis represent the mean 
of repeat assays. 

Cell Cycle Effects of Antiestrogens and MEK Inhibition—For comparison 
of the effects of antiestrogens in MCF-7, MCF-7 transfectants, or LY-2 cell 
lines, cultures were treated by addition of 1 /AM 4-hydroxy-tamoxifen (4-OH- 
TAM) (Sigma) or 10 nM ICI182780 (7a-(9-(4,4,5,5,5-pentafluoropentylsulfi- 
nyl) nonyl)estra-l,3,5, (10)-triene-3,17/3-diol, from Zeneca Pharmaceuticals) 
to complete medium, and samples were collected at 48 h thereafter for 
protein and flow cytometric analysis. The effects of MEK inhibition on the 
cell cycle were assayed following addition of 0.1 JAM U0126 (Promega) for 2 or 
24 h prior to recovery for immunoblotting or flow cytometric analysis. The 
effects of MEK inhibition on antiestrogen sensitivity in the antiestrogen- 
resistant lines, LY-2 or MCF-7/HER2-18, were assayed by treating cells 
with 0.1 /AM U0126 for 2 h followed by an additional 48 h with either 1 /AM 
4-OH-TAM or 10 nM ICI 182780 prior to recovery of cells for protein or flow 
cytometric analysis. 

Antisense Oligonucleotide Transfections—Antisense experiments 
were carried out as described (3). Phosphorothioate oligonucleotide 
sequences were as follows: GS5422 antisense p27 (ASp27) 5'-TG- 
GCTCTCXTGCGCC-3'; GS5585 mismatch p27 (MSMp27) 5'-TG- 
GCTCXCTTGCGCC-3'; X indicates the G-clamp modification of these 
oligonucleotides. The specificity of these oligonucleotides for p27 has 
been documented (2, 3). LY-2 cells were rendered quiescent by the 
addition of 0.1 /AM U0126 (Promega) for 2 h followed by antiestrogen 
treatment (10 nM ICI 182780, or 1 JAM 4-OH TAM) for a further 48 h. 
Quiescent cells were then transfected with 120 nM oligonucleotides 
using 2.5 Lig/ml cytofectin G3815 (Gilead Scientific, Foster City, Cali- 
fornia) for 6 h, followed by replacement with complete medium supple- 
mented by U0126 and antiestrogen. Flow cytometry and proteins were 
analyzed prior to transfection and at 21 h thereafter. 

Immunoblotting—Cells lysis and immunoblotting were as described 
(45). Equal protein loading was verified by blotting for /3-actin. To assay 
cyclin El complexes, cyclin El was immunoprecipitated from 200 tig of 
protein lysate. Immunoprecipitates were resolved, transferred, and 
blotted with cyclin El, cdk2, and p27 antibodies. Antibody alone con- 
trols were run along side immunoprecipitates. 

Antibodies—Monoclonal antibodies to p27 were obtained from Neo- 
markers (DCS-72) or Transduction Laboratories. p27 rabbit polyclonal 
serum (pAb5588) was provided by H. Toyoshima and T. Hunter (Salk 
Institute). Antibodies to p21 were from Santa Cruz, to cdk2 (PSTAIRE) 
from S. Reed (The Scripps Research Institute), to MEK MAPK and 
phospho-MAPK from New England Biolabs, to /3-actin from Sigma, and 
to cyclin El (mAbs E12 and E172) from E. Harlow (Massachusetts 
General). These cyclin El antibodies are specific for cyclin EK46). The 
ER antibody H222 was provided by Dr. G. Greene. 

Cyclin-dependent Kinase Assays—Cyclin El or p27 complexes were 
immunoprecipitated from 100 ttg of protein lysate and reacted with 
[y-32P]ATP and histone HI as described(45). Radioactivity incorporated 
in histone substrate was quantitated using a Molecular Dynamics Phos- 
phorlmager and ImageQuant software. To determine background IgG- 
associated activity, nonspecific mouse IgG (for cyclin El-cdk2 assays) or 
polyclonal rabbit IgG (for p27-associated kinase) immunoprecipitates 
from test lysates were collected on protein A, washed, and reacted with 
the kinase mixture as for cyclin El and p27 immunoprecipitates. Ra- 
dioactivity incorporated in control nonspecific IgG immunoprecipitates 
was subtracted from test kinase values prior to graphing as in Refs. 45 
and 47. 

Production of Cyclin El-cdk2 by Baculovirus Infection ofSf-9 Cells— 
Sf-9 cells and TNM-FH media were obtained from Invitrogen. Adherent 
Sf-9 cells were co-infected with baculoviruses encoding human cyclin El 
or human cdk2 genes, and cyclin El and cdk2 were prepared as de- 
scribed (46). Sf-9 cell lysates containing cyclin El and cdk2 were used 
directly in p27 inhibitor assays. 

Assays ofp27 Inhibitory Function—Cell lysates (250 /xg) from asyn- 
chronously proliferating MCF-7, MCF-7/MEKEE (line M2), or LY-2 cells 
were immunoprecipitated with pAb5588 anti-p27 serum or control poly- 
clonal rabbit IgG, and precipitates were collected on protein A-Sepha- 
rose beads. For testing heat-stable p27 inhibitor activity, p27 immuno- 
precipitates were washed, then boiled for 5 min in 200 /xl of reaction 
buffer, placed on ice, and then cleared by centrifugation. The p27 in the 
supernatant was recovered, and recombinant cyclin El-cdk2 and dithi- 
othreitol (1 mM final) were added and incubated at 30 °C for 30 min, 
followed by immunoprecipitation with either anti-cyclin El (mAbE172) 
or control polyclonal mouse IgG (Sigma). The un-inhibited control re- 
combinant cyclin El-cdk2 was treated with reaction buffer and incu- 
bated at 30 °C for 30 min without any added p27. Complexes were 
subsequently assayed for HI kinase activity, and resulting activities 
were graphed as a % maximum un-inhibited cyclin El-cdk2 activity. 

Two-dimensional Isoelectric Focusing (2D-IEF) and Phosphatase 
Treatment—Cells were lysed in ice-cold 0.1% Tween 20 lysis buffer (50 
mM Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8.0, 2.5 mM EGTA, 
pH 8.0, 10% glycerol, 10 mM 0-glycerophosphate, 1 mM NaF, 0.1% 
Tween 20,1 mM phenylmethylsulfonyl fluoride, 0.1 mM Na2V04,0.5 mM 
dithiothreitol, and 0.02 mg/ml each of aprotinin, leupeptin, and pepsta- 
tin). For 2D-IEF, p27 immunoprecipitates were denatured in 8 M urea, 
loaded onto immobilized non-linear pH gradient (pH 3-10) IEF strips 
and focused at 50,000 volt-hour using the IPGphor IEF system (Amer- 
sham Pharmacia Biotech). These assays yield highly reproducible elec- 
trophoretic resolution of isoforms because of the covalent linkage of the 
electrophoresis medium to a matrix. The IEF strip was equilibrated in 
50 mM Tris, pH 8.8, 6 M urea, 30% glycerol, and 2% SDS for 30 min 
before loading for SDS-polyacrylamide gel electrophoresis. Gels were 
transferred to polyvinylidene difluoride membrane, p27 isoforms were 
detected by immunoblotting using p27 antibody from Transduction 
Labs, and proteins were detected using enhanced chemiluminescence 
(ECL). For 2D-IEF of cyclin El-bound p27, 3 mg of protein lysate was 
immunoprecipitated with the monoclonal mAb E172 antibody. Densi- 
tometric analysis of multiple ECL film exposures from repeat assays 
was used to determine the ratios of the various p27 isoforms. For 
phosphatase treatment, p27 immunoprecipitates were washed twice 
with phosphatase buffer (50 mM Tris, pH 8.0, 10% glycerol) and then 
incubated at 37 °C overnight with 66 units per 10 Ail of reaction of calf 
intestinal alkaline phosphatase (Roche Molecular Biochemicals). To 
confirm that the most positively charged p27 isoforms represented 
unphosphorylated p27, cells were labeled with [32P]orthophosphate (1 
mCi/100-dish) for 3 h, and p27 immunoprecipitates were isolated and 
subjected to 2D-IEF. p27 immunoprecipitated from unlabeled cells was 
resolved by 2D-IEF in parallel with the labeled p27, and the resolution 
pattern of the cold p27 was compared with the phosphate-labeled p27. 

RESULTS 

p27 Deregulation in Antiestrogen-resistant LY-2—We com- 
pared p27 levels in antiestrogen-sensitive MCF-7 (42) and the 
resistant MCF-7 derivative, LY-2 (43). The loss of antiestrogen 
responsiveness in LY-2 was not due to a loss of p27 protein 
(Fig. 1A). 

The association of p27 with cyclin El-cdk2 was assayed in 
asynchronously growing and antiestrogen-treated MCF-7 and 
LY-2 cells (Fig. LB). Asynchronously proliferating LY-2 and 
MCF-7 cells had similar cell cycle profiles (Fig. LB). When 
equal amounts of cyclin El were immunoprecipitated, the 
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FIG. 1. Antiestrogen-resistant LY-2 show altered p27 regula- 
tion. A, asynchronously growing MCF-7 and LY-2 cell lysates were 
analyzed by Western blotting using the antibodies indicated. B, cyclin 
El immunoprecipitates UP) from asynchronously proliferating and ICI 
182780 (ICI)-treated cells were resolved and assayed for associated p27, 
p21, and cdk2 by immunoblotting or analyzed for associated histone HI 
kinase activity as described under "Experimental Procedures." The cell 
cycle profiles from flow cytometric analysis are shown. C, lysates from 
asynchronously proliferating cells were analyzed for levels of total and 
active phospho-MAPK. 

amount of p27 bound to cyclin El-cdk2 in asynchronously 
growing LY-2 was nearly 4-fold higher than that in asynchro- 
nous MCF-7. There was no compensatory decrease in p21 bind- 
ing to cyclin El in proliferating LY-2. Levels of cyclin El-bound 
p21 were similar in proliferating MCF-7 and LY-2. Cyclin El- 
bound cdk2 levels were similar in the two lines and were not 
affected by antiestrogens. Despite the increased p27 bound to 
cyclin El-cdk2 in proliferating LY-2 cells, the histone HI ac- 
tivity of these complexes was not reduced compared with cyclin 
El-cdk2 from asynchronous MCF-7 (Fig. IB). Antiestrogen 
treatment of MCF-7 with either ICI 182780 (ICI) or 4-OH-TAM 
(data shown here for ICI) caused a 3- to 5-fold increase in p27 
binding to cyclin El-cdk2, a 3-fold increase in cyclin El-bound 
p21, inhibition of this kinase, and Gx cell cycle arrest. Anties- 
trogen treatment of LY-2 caused a minimal increase in p21 
binding, no change in the amount of p27 bound to cyclin El- 
cdk2, no significant inhibition of cyclin El-cdk2 activity, and no 
change in the cell cycle profile (Fig. IB). These data suggested 
a functional alteration of p27 in LY-2 cells. 

Since MAPK had been shown to alter p27 function in fibro- 
blasts (15, 19, 20), we assayed MAPK activity by Western 
blotting using phospho-specific antibodies that detect activated 
MAPK. Although total MAPK protein levels were similar in 
LY-2 and MCF-7 cells, the levels of phosphorylated MAPK 
(both p42 ERK2 and p44 ERK1) were elevated nearly 8-fold in 
LY-2 (Fig. 1C). We also observed elevated MAPK activity in two 
other MCF-7 derived antiestrogen-resistant cell lines, LCC2 
and MCF-7/HER2-18 (data not shown). 

MEKl-transfected MCF-7 Lines Show Antiestrogen Resist- 
ance and Altered Binding ofp27 to Cyclin El-cdk2—To deter- 
mine whether the increased MAPK activity observed in the 
antiestrogen-resistant lines was causally linked to the anties- 
trogen-resistant phenotype, we transfected MCF-7 cells with 
activated MEK1 (MEKEE) or an active ERK2 allele (ERK2- 
MEK) and assayed stable transfected cell lines for antiestrogen 

sensitivity. Transfectants showed MAPK activation compared 
with parental cells and empty vector controls (representative 
data shown for MEKEE transfectants, labeled Ml and M2 in 
Fig. 2A). Of note, both p21 and p27 levels were reduced in 
MEKEE transfectants (Fig. 2A). The level of the ER protein was 
not affected by the degree of MAPK activation achieved in 
these cells (data not shown). Asynchronously growing MAPK- 
activated lines and empty vector controls showed similar cell 
cycle profiles (Fig. 2B). Lines with constitutive MAPK activa- 
tion showed partial resistance to 4-OH-TAM or ICI compared 
with the parental or vector alone controls (Fig. 2B). 

Levels of cyclin El-associated p21 and p27 were assayed in 
asynchronous MEKEE transfected lines and in the empty vector 
controls (Fig. 2C). Although densitometric analysis showed 
that total p27 levels in asynchronously growing MEKEE trans- 
fectants were reduced by up to 3-fold compared with controls, 
the amount of p27 detected in cyclin El-cdk2 complexes was 
not reduced (Fig. 2, C and D). Despite the similar amounts of 
both p27 and p21 bound to cyclin El in proliferating MEKEE 

and control lines, equal amounts of cyclin El-cdk2 showed 
approximately 2-fold higher kinase activity in MEKEE trans- 
fectants compared with empty vector controls (Fig. 2, C and D). 
There was no change in cdk2 binding to cyclin El, and the 
subtle increase in the proportion of the faster mobility, CAK- 
activated cdk2 bound to cyclin El would not suffice to mediate 
the 2-fold increase in cyclin El-cdk2 activity in the MEKEE 

lines (Fig. 2C). MCF-7 lines with constitutive MEK1 activation 
showed no increase in p27 binding to cyclin El following an- 
tiestrogens compared with that in parental MCF-7 or in the 
empty vector controls (representative data in Fig. 2Z>). The 
modest increase of p21 binding to cyclin El-cdk2 may mediate 
the partial cell cycle inhibition after antiestrogen treatment of 
the M2 clone. Earlier work has established that increased KIP 
binding to cyclin El-cdk2 in MCF-7 is essential for Gx arrest by 
antiestrogens (3, 48). Thus, MAPK activation via MEKEB or 
BAKS-MEi? transfection may contribute to antiestrogen resist- 
ance, at least in part, by impairing the antiestrogen-mediated 
increase in p27 binding to cyclin El-cdk2. 

Altered p27 Phosphorylation in Antiestrogen-resistant 
Lines—The MAPK-activated transfectants and LY-2 cells 
show a number of similarities. Both showed more abundant 
p27 binding to cyclin El-cdk2 in asynchronously proliferating 
cells than would have been predicted from the respective 
total cellular abundance of p27, and antiestrogens failed to 
cause an accumulation of p27 in cyclin El-cdk2 complexes. 
We postulated that differences in p27 phosphorylation may 
be associated with these differences in p27 function. Under 
most one-dimensional SDS-polyacrylamide gel electrophore- 
sis conditions, p27 does not show reproducible differences in 
gel mobility. 2D-IEF allowed resolution of different p27 phos- 
pho-isoforms that are not apparent on single dimension gel 
electrophoresis. 2D-IEF showed a reproducible difference be- 
tween the phosphorylation profile of p27 in the antiestrogen- 
sensitive and -resistant lines. 2D-IEF of p27, using an am- 
photeric carrier with a non-linear pH range of 3-10, showed 
five p27 isoforms present in all three lines (labeled 1-5 in Fig. 
2E). Form 1 migrates at the predicted isoelectric focusing 
point for p27 (pH = 6.54). Phosphatase treatment of the p27 
immunoprecipitates confirmed that most of these different 
isoforms represent different phosphoforms of p27 (Fig. 2E). 
The minor amount of form 2 remaining after phosphatase 
treatment may reflect incomplete dephosphorylation. Alter- 
natively, this may represent a hypophosphorylated form of 
p27 in which post-translational modification (e.g. myristyla- 
tion) confers a more negative charge. When cells were 
[32P]orthophosphate-labeled prior to p27 immunoprecipita- 



MEK Deregulates p27 and Inhibits G2 Arrest by Antiestrogens 40891 

B MCF-7 MEK (M2) 

FIG. 2. MAPK activation contrib- 
utes to p27 deregulation and anties- 
trogen resistance. A, the levels of active 
phospho-MAPK, p27, and p21 were ana- 
lyzed in two control cell lines transfected 
with empty vector (Cl, C2) and in two 
MEK overexpressing MCF-7 clones (Ml, 
M2). B, the cell cycle profiles of asynchro- 
nously proliferating and antiestrogen- 
treated MEK transfectants were com- 
pared with empty vector controls. C, 
cyclin El-bound p27 and cdk2 and cyclin 
El-associated kinase activities were as- 
sayed as in Fig. IB. D, cyclin El-bound 
p21 and p27 were assayed before (-) and 
after (+) ICI treatment. E, p27 immuno- 
precipitates from asynchronously prolif- 
erating MCF-7, LY-2, and MEKEE-trans- 
fectant and (M2), were analyzed by 2D- 
IEF. The 2D-IEF of phosphatase-treated 
p27 from MCF-7 cells is shown in the 
upper panel. The different p27 isoforms 
were quantitated by densitometry. 
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tion and resolution by 2D-IEF, isoforms 1 and 2 were not 
radiolabeled, confirming their hypophosphorylated state 
(data not shown). 

The relative abundance of the different isoforms of p27 dif- 
fered between MCF-7 and the MAPK-activated lines, LY-2 and 
MCF-7/MEKEE. In MCF-7, most of the p27 focused as isoform 
1 with a lesser amount as isoform 3, and the ratio of these two 
forms (isoform l:isoform 3) quantitated by densitometry was 
3:1. The 2D-IEF patterns of p27 from LY-2 and the MEK 
transfectants were similar, and both differed from that seen in 
MCF-7. In these antiestrogen-resistant lines, form 3 showed 
greater relative abundance and the ratios of form 1 to form 3 
were similar (-1:1 in MEKEE clone M2 and LY-2, Fig. 2E). 
These observations support the notion that MEK/MAPK acti- 
vation modulates p27 phosphorylation in these resistant cell 
lines. 

MEK Inhibition Restores Sensitivity to Antiestrogen-medi- 
ated Cell Cycle Arrest—Treatment of the LY-2 line with 0.1 /u,M 
of the MEK inhibitor, U0126, caused a 2.5-fold reduction of 
phospho-MAPK levels without affecting the total MAPK pro- 
tein levels (Fig. 3A). Although this low dose of U0126 alone did 
not affect the cell cycle profile of the LY-2 cells, treatment with 
the combination of 0.1 ^iM U0126 and either 1 /UM 4-OH-TAM or 
10 nM ICI led to a Gx arrest (data shown for ICI treatment, Fig. 
3, B and C). MEK inhibition by 0.1 fiM U0126 also restored 
4-OH-TAM or ICI-mediated Gx arrest in the antiestrogen-re- 
sistant HER2/ErbB-2 overexpressing line, MCF-7/HER2-18 
(Fig. 3B). The Gx arrest following the combination of MEK 
inhibition and antiestrogen treatment in LY-2 (U+ICI) was 
accompanied by a 5-fold increase in the binding of p27 to cyclin 
El-cdk2 complexes (Fig. 3C) and inhibition of cyclin El-cdk2 
activity (data not shown). p21 binding to cyclin El-cdk2 was 
also modestly increased, and the proportion of CAK-phospho- 
rylated cdk2 (faster mobility) bound to cyclin El was modestly 
reduced by the combined ICI 182780 and U0126 treatment. 

The Arrest of LY-2 by MEK Inhibition and Antiestrogens Is 
p27-dependent—The increase in p27 association with cyclin 
El-cdk2 in LY-2 cells treated by the combination of 0.1 /AM 

U0126 and 10 nM ICI was similar to that seen following anties- 
trogen treatment in the sensitive MCF-7 line (see Figs. IB and 
3C). We postulated that MAPK inhibition in LY-2 enhanced the 
cdk2 inhibitory function of p27 to facilitate cell cycle arrest by 
antiestrogens. If this were the case, then antisense-mediated 
inhibition of p27 expression in the U0126/ICI treated cells 
should abrogate this drug-mediated arrest. U0126/ICI-arrested 
LY-2 cells were transfected with either antisense p27 (ASp27) 
oligonucleotides or mismatch control oligonucleotides (MSp27) 
or mock transfected with lipid only (control, C), and cells were 
recovered for flow cytometry and protein analysis at 21 h fol- 
lowing completion of ASp27 transfection. The inhibition of p27 
expression in ASp27-treated cells lead to cell cycle re-entry 
with —23% cells in S phase at 21 h, in contrast to 8 and 9% of 
cells in S phase following lipid only (control, C, or mismatch 
(MSp27) transfection (Fig. 3D). The ASp27-mediated cell cycle 
re-entry was associated with loss of cyclin El-bound p27 and 
cyclin El-associated kinase activation (Fig. 3D). Control (lipid 
alone) and MSp27-transfected groups showed no cyclin El- 
cdk2 activation. We also observed a similar result using the 
combination of 0.1 ;u,M U0126 and 1 /J,M 4-OH-TAM (data not 
shown). Thus, in the LY-2 line, p27 became an essential medi- 
ator of Ga arrest by antiestrogens following partial MEK/ 
MAPK inhibition. 

p27-immunoprecipitable Kinase Activity in Antiestrogen- 
treated LY-2 Cells—Proliferating LY-2 cells, with and without 
antiestrogen treatment, showed more abundant p27 associa- 
tion with active cyclin El-cdk2 than was detected in inhibited 
cyclin El-cdk2 complexes from antiestrogen-arrested MCF-7 
cells (Fig. IB). These data suggested impaired inhibitory func- 
tion of cyclin El-bound p27 in LY-2 cells. p27 immunoprecipi- 
tates were tested for associated histone HI kinase activity in 
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FIG. 3. Inhibition of MAPK restores 
sensitivity to antiestrogens in LY-2. 
A, asynchronously growing LY-2 or LY-2 
cells treated with 0.1 UM U0126 were as- 
sayed for levels of total and active MAPK 
by immunoblotting. B, the cell cycle pro- 
file of LY-2 and MCF-7/HER2 cells were 
measured in asynchronously proliferat- 
ing, ICI-treated and 0.1 ioi U0126 + ICI 
(U+ICD-treated cells. C, LY-2 cells 
treated for 48 h with ICI, U0126 (U) or the 
combination of U0126 + ICI (U+ICI) and 
cell cycle profiles assayed by flow cytom- 
etry. Cyclin El immunoprecipitates were 
resolved and analyzed by immunoblotting 
with the indicated antibodies. D, LY-2 
cells treated with the combination of 
U0126 + ICI were lysed before (0 h) or 
21 h after transfection with lipid only 
(control group, C), ASp27 oligonucleotides 
(ASp27), or MSp27 oligonucleotides 
(MSp27). Cyclin El immunoprecipitates 
were resolved and associated proteins de- 
tected by immunoblotting. The % S phase 
cells and cyclin El-associated kinase ac- 
tivities in each treatment group are 
shown. 
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LY-2 and MCF-7 cells. Cdk2 complexes, but not cdk4 and 6 
complexes, can use histone HI as substrate. Histone HI kinase 
activity was detected in p27 immunoprecipitates from asyn- 
chronous and ICI-treated LY-2 cells, but was negligible in 
asynchronous and ICI-treated MCF-7 when background activ- 
ity in nonspecific antibody control immunoprecipitates was 
subtracted (Fig. 4A). The combination of 0.1 tm U0126 and 10 
nM ICI 182780 (U+ICI) inhibited the p27 immunoprecipitable 
kinase activity in LY-2 (Fig. AA). Parallel p27 immunoprecipi- 
tates were resolved and blotted for associated cdk2, cyclin El, 
and cyclin A. The amounts of cyclin and cdk2 bound to p27 in 
ICI-treated LY-2 and MCF-7 were similar, and there was no 
loss of p27-bound cyclin or cdk2 following ICI plus U0126 
treatment LY-2 cells (data not shown). 

MEK Activation Modulates p27 Inhibitory Function—The in- 
hibitory activity of p27 toward recombinant cyclin El-cdk2 was 
compared in the MCF-7 and LY-2 lines (Fig. 4B), in the MCF-7/ 
MEK-EE transfectant, M2, and in the empty vector control line, 
C2 (Fig. 4C). Equal amounts of p27 protein were immunoprecipi- 
tated from the indicated cell lines and boiled to release associated 
proteins, and then heat-stable p27 was tested for its ability to 
inhibit a fixed amount of recombinant cyclin El-cdk2. The cyclin 
El-cdk2 complexes were then immunoprecipitated, and kinase 
activity was assayed. The activity of the p27-treated cyclin El- 
cdk2 was expressed as a % of control, uninhibited cyclin El-cdk2. 
p27 from the MCF-7 line had approximately four times the in- 
hibitory potency as p27 from the LY-2 line (Fig. 4B). Similarly, 
MEK overexpression in the M2 line impaired the inhibitory func- 
tion of p27 (Fig. 4C). The cyclin El-cdk2 inhibitory activity of 
increasing amounts of p27 from the MEKEE-transfected M2 line 
was compared with that of p27 from the vector alone control, C2. 
Even a 3-fold (3X) excess of p27 in the M2 line did not achieve the 
same level of cyclin El-cdk2 inhibition shown by p27 (IX) from 
the control line. 

MEK Inhibition Modulates p27 Phosphorylation—Our anti- 
sense experiments showed that p27 is essential for the anties- 
trogen arrest of LY-2 following partial MEK inhibition (Fig. 
3D). Since MEK inhibition restored antiestrogen arrest, we 
postulated that MEK inhibition might alter p27 phosphoryla- 
tion. As seen in asynchronously proliferating cells (Fig. 2E), the 
2D-IEF of p27 from antiestrogen-treated MCF-7 and LY-2 cells 
showed five distinct p27 isoforms (labeled 1-5 in Fig. 5A) with 
isoforms 1 and 3 again being the most abundant. p27 from 
antiestrogen-arrested MCF-7 showed a predominance of iso- 
form 1, with the ratio of isoforms 1 to 3 being 2:1. In antiestro- 
gen-treated LY-2 cells, form 3 was the predominant form, with 
the isoform Lisoform 3 ratio at 1:2. Treatment with 0.1 /UM 

U0126 together with either 4-OH-TAM or ICI changed the p27 
phosphorylation profile in LY-2 cells to one that more closely 
resembled that in antiestrogen-arrested MCF-7 cells, with the 
p27 isoform 1 more abundant than isoform 3 at a ratio of 2:1 
(data shown for ICI treatment in Fig. 5A). In all cell types, ICI 
treatment increased the relative abundance of isoforms 4 and 5 
compared with that of untreated cells. 

We tested whether the changes in total cellular p27 phos- 
phorylation were reflected by changes in the phosphorylation of 
cyclin El-bound p27 (Fig. 5B). Cyclin El-bound p27 in the 
ICI-treated LY-2 line showed a predominance of isoform 3 (the 
ratio of isoform Lisoform 3 was 1:6 by densitometry), whereas 
LY-2 cells arrested by the combination of MEK inhibition and 
antiestrogen showed a cyclin El-associated p27 phosphoryla- 
tion pattern more closely resembling that in antiestrogen-ar- 
rested MCF-7 (isoform l:isoform 3 ratio nearly 1:1 in both). 
These data suggest that the combination of MEK inhibition 
and antiestrogen treatment may restore the cyclin El-cdk2 
inhibitory function of p27 in LY-2, at least in part, by altering 
p27 phosphorylation. 
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FIG. 4. MEK inhibition partially re- 
stores p27 inhibitory function and 
changes the pattern of p27 phospho- 
rylation. A, equal amounts of p27 were 
precipitated from asynchronous (lanes 1, 
4) and ICI-treated LY-2 and MCF-7 cells 
(lanes 2, 5) and from LY-2 cells treated 
with both U0126 + ICI (lane 3) and ana- 
lyzed for associated histone HI kinase ac- 
tivity. Radioactivity in the histone HI 
substrate was quantitated by Phosphor- 
Imager and expressed as a percentage of 
maximum activity after subtraction of 
background from IgG control (lane 6) and 
graphed. The inset shows the autoradio- 
gram of activity in histone HI. The data 
presented are the mean of repeat experi- 
ments. B, p27 was immunoprecipitated 
from asynchronously proliferating MCF-7 
and LY-2 lysates and boiled, and equal 
amounts of p27 were added to recombi- 
nant cyclin El-cdk2. Cyclin El complexes 
were then immunoprecipitated and as- 
sayed for histone HI (HI) kinase activity. 
Inhibition of cyclin El-cdk2 activity by 
added p27 is shown. Radioactivity incor- 
porated into the histone HI substrate is 
shown in the autoradiograph (see inset, 
upper right) and graphed as % maximum 
uninhibited cyclin El-cdk2 activity. 
Mouse IgG served as an immunoprecipi- 
tation control. C, equal amounts of p27 
were immunoprecipitated from the asyn- 
chronously proliferating MCF-7/MEKEE 

clone (M2) or from the empty vector con- 
trol (C2) and cyclin El-cdk2 inhibitor 
function assayed as in B. 
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DISCUSSION 

The key roles of p21 and p27 in antiestrogen arrest have 
been demonstrated in earlier studies (3, 48). Antiestrogens 
increase cyclin El-cdk2-KIP binding, and immunodepletion of 
p21 and p27 from steroid-depleted or tamoxifen-arrested cells 
removes essentially all cellular cyclin El-cdk2 (49-51), sug- 
gesting that these cyclin complexes are fully saturated by p21 
or p27 in arrested cells. Recent work with antisense (AS) p27 
and p21 demonstrated that inhibition of expression of either 
KIP from antiestrogen-arrested cells leads to cell cycle re-entry 
(3, 48). In addition to increased KIP-cdk binding, other cell 
cycle effectors contribute to <jx arrest by antiestrogens. These 
include reductions in c-Myc and cyclin Dl and Cdc25A, in- 
creased pl5, and potentially, the accumulation of cdk2 in a 
non-CAK-activated form (3, 50-53). However, while induction 

of cell cycle arrest by antiestrogens has multiple effectors, the 
antisense studies demonstrate that KIP function is required for 
maintenance of arrest. Moreover, the present work indicates 
that deregulation of p27 inhibits antiestrogen responsiveness. 

Our data suggest that constitutive MEK/MAPK activation 
contributes to the development of antiestrogen resistance in 
ER-positive breast cancer cells, at least in part, by compromis- 
ing the inhibitory function of p27. We show here that a non- 
cytostatic and non-cytotoxic dose of the MEK inhibitor, U0126, 
restored sensitivity to G1 arrest by antiestrogens in the widely 
used LY-2 model of antiestrogen resistance. Moreover, trans- 
fection of HER2 or MEKBE into MCF-7 impaired antiestrogen 
responses. In antiestrogen-treated LY-2 and MCF-7/MEKEE 

transfectants, p27 failed to accumulate in cyclin El-cdk2 com- 
plexes and did not inhibit this kinase. MEK inhibition by 
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FIG. 5. MEK inhibition modulates p27 phosphorylation. A and 
B, the 2D-IEF patterns of immunoprecipitated p27 (A) or cyclin El- 
bound p27 (B) were assayed in MCF-7 and LY-2 cells after 48 h of 
treatment with ICI, and in LY-2 cells after 48 h treatment with both ICI 
and UQ126. 

U0126 in these antiestrogen-resistant lines altered p27 phos- 
phorylation and restored the inhibitory binding of p27 to cdk2 
following antiestrogen treatment. Thus, MEK/MAPK-depen- 
dant p27 phosphorylation events are associated with a reduced 
ability to inhibit cdk2. 

Through the course of selection of the antiestrogen-resistant 
LY-2, p27 regulation has been altered such that its binding to 
cyclin El-cdk2 is increased without a commensurate reduction 
in cyclin El-cdk2 activity. In antiestrogen-mediated arrest of 
MCF-7, a 3-fold increase in p27 binding to cyclin El-cdk2 is 
sufficient for cdk2 inactivation and cell cycle arrest (3). The 
approximately 4-fold increase in cyclin El-bound p27 in asyn- 
chronously growing LY-2 cells relative to that in proliferating 
MCF-7 and the failure of antiestrogens to increase p27 binding 
to cyclin El-cdk2 in LY-2 prompted further investigation of p27 
function in these lines. Indeed, both cyclin El and p27 immu- 
noprecipitates contain detectable histone HI kinase activity in 
LY-2 cells. While the p27-associated kinase activity could re- 
flect dissociation of p27 from cyclin El-cdk2 in vitro following 
immunoprecipitation of the complexes, the increased binding of 
p27 to cyclin El without loss of kinase activity in asynchronous 
LY-2 suggests that some of the cyclin El-cdk2-p27 complexes 
may retain activity in vivo. Detection of p27-immunoprecipi- 
table kinase activity has been reported by others (54, 55). The 
elevated level of p27 protein in the LY-2 line may reflect 
MAPK-independent events that have occurred throughout the 
course of selection of this line (44). 

p27 levels were reduced in the MEKEE transfectants, con- 
sistent with the observation by others that Ras-MAPK contrib- 
utes to p27 degradation (15, 20, 56). Despite the lower total p27 
protein levels in these cells, cyclin El-bound p27 levels were 
not reduced. Moreover, while cyclin El-bound p21 and p27 
levels were similar in MEKEE transfectants and control lines, 
cyclin El-cdk2 activity was increased in asynchronously prolif- 
erating MEKEE transfectants compared with controls. Thus, 
MAPK activation at the levels achieved here, may favor the 
association of p27 with cdk2 in a poorly inhibitory form, such 
that some of the cyclin El-cdk2-p27 complexes retain activity. 
This effect may be separable from the effect of MAPK on p27 
stability. p27 forms that can bind cyclin El-cdk2 but fail to 
inhibit this kinase have been modeled previously in vitro (8). 
Further evidence to support functional alteration of p27 in the 
LY-2 and MEKEE transfected MCF-7 lines is provided by as- 

says of p27 inhibitory function. p27 from both LY-2 and the 
MEKEE-transfected line, M2, both showed a reduced ability to 
inhibit recombinant cyclin El-cdk2 in vitro. As an alternate 
model, MEK/MAPK activation may reduce the stability with 
which p27 binds to cyclin El-cdk2 in vitro, allowing detection of 
this kinase activity in p27 immunoprecipitates through disso- 
ciation in vitro. A reduced ability to bind cyclin El-cdk2 could 
also account for the reduced inhibitory activity of heat-stable 
p27 isolated from the resistant lines. 

Signal transduction pathways have been shown to affect p27 
inhibitory function (15, 57), raising the possibility that phos- 
phorylation events may modulate p27 function. Overexpression 
of the integrin-linked kinase causes a reduction in inhibitory 
activity of p27 toward cyclin El-cdk2 (57). Here we showed that 
the antiestrogen ICI182780 modulates p27 phosphorylation in 
MCF-7 cells, increasing the relative amounts of p27 isoforms 3, 
5, and 6. We also showed an association between altered p27 
inhibitory function and altered phosphorylation in LY-2 and 
MCF-7/MEKEE cells, suggesting that deregulated p27 phospho- 
rylation may be causally linked to antiestrogen resistance. 
Although MAPK can phosphorylate p27 in vitro (15-17), it is 
not known at present whether direct phosphorylation of p27 by 
MAPK occurs in vivo. The effects of MAPK on the p27 phos- 
phorylation profile may be indirect. p27 contains several po- 
tential MAPK consensus sites, including serine 10 (Ser-10), 
Ser-178, and Thr-187. Ser-10 has recently been shown to be a 
major p27 phosphorylation site in G0-arrested cells, although it 
may not be a physiological MAPK target site (16). Since a p27 
mutation converting Ser-10 to alanine or aspartate did not 
affect the ability of p27 to inhibit cyclin El-cdk2 in vitro (16), 
the MAPK-dependent pathway that modulates both p27 phos- 
phorylation and its ability to inhibit cdk2 cannot uniquely 
affect Ser-10. Moreover, the phosphorylation of p27 at Thr-187 
that regulates its recognition by the F box protein Skp-2, does 
not affect the cdk2 inhibitory function of p27 (8). Thus, phos- 
phorylation at sites other than Ser-10 and Thr-187 may be 
required for the MEK/MAPK-dependent phosphorylation of 
p27 that modulates its cdk2 inhibitory function. The identity of 
the different 2D-IEF phospho-isoforms of p27 observed by 2D- 
IEF warrants further investigation. 

The causes of MAPK activation in human cancers differ 
among different tumors. MAPK activation is increased in up to 
50% of breast cancers compared with normal breast epithelium 
and is associated with poor patient prognosis (58-60). HER-2/ 
ErbB-2 overexpression, seen in up to 30% of breast cancers is 
often associated with antiestrogen resistance (27). HER-2/ 
ErbB-2 signaling has been shown to decrease p27 stability via 
MAPK activation (56). In the HER-2 overexpressing MCF-7/ 
HER-2-18, MEK inhibition by U0126 restored sensitivity to 
antiestrogens. Taken together, the present study links HER-2/ 
ErbB-2 activation and antiestrogen resistance through MAPK- 
dependent alterations in p27 function. 

In addition to its mechanistic relevance to breast cancer, the 
observed link between p27 dysfunction and MAPK activation 
has implications for many types of cancers. The reduced levels 
of p27 observed in many cancers (colon, lung, prostate, gastric) 
may reflect oncogenic activation of the Ras/MEK/MAPK path- 
way (12). For example, the increased p27 proteolytic activity 
observed in colon cancer lysates may result from oncogenic 
activation of K-Ras in these cancers (61). There is a strong 
molecular rationale supporting the continued development of 
MEK/MAPK inhibitory drugs. A number of MEK inhibitors 
have shown good oral bioavailability and efficacy in preclinical 
trials (62). Tumor-specific MEK inhibitors may have the poten- 
tial to restore p27 protein levels and inhibitory function and 
thereby restrain tumor growth. 
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Abstract 

Altered responsiveness to extracellular signals and cell cycle dysregulation are hallmarks of 
cancer. The cell cycle is governed by cyclin-dependent kinases (cdks) that integrate 
mitogenic and growth inhibitory signals. Transforming growth factor (TGF)-ß mediates G, 
cell cycle arrest by inducing or activating cdk inhibitors, and by inhibiting factors required for 
cdk activation. Mechanisms that lead to cell cycle arrest by TGF-ß are reviewed. Loss of 
growth inhibition by TGF-ß occurs early in breast cell transformation, and may contribute to 
breast cancer progression. Dysregulation of cell cycle effectors at many different levels may 
contribute to loss of G1 arrest by TGF-ß. Elucidation of these pathways in breast cancer may 
ultimately lead to novel and more effective treatments for this disease. 

Keywords: breast cancer, cell cycle, cyclin-dependent kinase inhibitor, human mammary epithelial cells, 
transforming growth factor-ß 

Introduction 
TGF-ß is a potent inhibitor of mammary epithelial cell pro- 
liferation [1,2] and regulates mammary development in 
vivo [3-5]. Mammary-specific overexpression of TGF-ß in 
transgenic mice can induce mammary hypoplasia and 
inhibit tumourigenesis [6-8]. Although normal human 
mammary epithelial cells (HMECs) are exquisitely sensitive 
to TGF-ß [9"], human breast cancer lines require 10-fold 
to 100-fold more TGF-ß to produce an antimitogenic 
response, and some show complete loss of this effect 
[10]. 

Although loss of growth inhibition by TGF-ß in human 
cancers can arise through loss of TGF-ß production or 
through mutational inactivation of the TGF-ß receptors and 
Smad signalling molecules [11,12], these defects are not 

observed in most arrest-resistant cancer lines. This obser- 
vation, and the frequent appearance of resistance to more 
than one inhibitory cytokine in human tumours [13] 
emphasize the importance of the cell cycle effectors of 
growth arrest induced by TGF-ß as targets for inactivation 
in cancer. 

TGF-ß can either lengthen G, transit time or cause arrest 
in late G, phase [14]. This cell cycle arrest is usually 
reversible [15", 16], but in some cases is associated with 
terminal differentiation [17*,18,19]. Because TGF-ß 
arrests susceptible cells in the G^ phase, a brief review of 
cell cycle regulation is presented. This is followed by a 
review of the multiple and often, complementary mecha- 
nisms that contributing to G, phase arrest by TGF-ß and 
of how they are disrupted in breast and other cancers. 

Cdc = cell division cycle; cdk = cyclin-dependent kinase; CAK = cdk-activating kinase; EGF = epidermal growth factor; HMEC = human mammary 
epithelial cell; INK4 = inhibitor of cdk4; KIP = kinase inhibitor protein; pRb = retinoblastoma protein; TGF = transforming growth factor. 
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The cell cycle. Cell cycle progression is governed by cyclin-dependent 
kinases (cdks), the activities of which are regulated by binding of 
cyclins, by phosphorylation and by the cdk inhibitors [the inhibitor of 
cdk4 (INK4) family: p15, p16, p18 and p19; and the kinase inhibitor 
protein (KIP) family: p21, p27 and p57]. 

Cell cycle 
Cell cycle progression is governed by cdks, which are 
activated by cyclin binding [20,21] and inhibited by the 
cdk inhibitors [22,23]. The cdks integrate mitogenic and 
growth inhibitory signals and coordinate cell cycle transi- 
tions [24,25]. G, to S phase progression is regulated by 
D-type cyclin-, E-type cyclin- and cyclin A-associated cdks 
(Fig. 1). B-type cyclin-associated kinases govern G2 and 
M phases. Both E-type and D-type cyclin-cdks contribute 
to phosphorylation of the retinoblastoma protein (pRb). 
Hypophosphorylated pRb binds members of the E2F and 
DP1 families of transcription factors, inhibiting these tran- 
scriptional activators and actively repressing certain 
genes. Phosphorylation of pRb in late G^ phase liberates 
free E2F/DP1, allowing activation of genes required for S 
phase (for review [26]). 

Cyclin-dependent kinase regulation by phosphorylation 
Cdk activation requires phosphorylation of a critical threo- 
nine (Thr160 in cdk2 and Thr187 in cdk4). There are two 
mammalian kinases with in vitro cdk activating kinase 
(CAK) activity: cyclin H/cdk7 and the protein encoded by 
the human homolog of the Saccharomyces cerevisiae 
CAK1, called Caklp (for review [27]). The specific roles 
of these two kinases are somewhat controversial. CAK is 
active throughout the cell cycle [20,28], but its access to 
cyclin-bound cdks is inhibited by p27 [29]. Cdks are also 
negatively regulated by phosphorylation of specific 
inhibitory sites [27]. Cdc25 phosphatase family members 
must dephosphorylate these inhibitory sites for full cdk 
activation. Cdc25A acts on cyclin E-bound cdk2 and is 
required for G1 to S phase progression [30]. 

Cyclin-dependent kinase inhibitors 
Two cdk inhibitor families regulate the cell cycle [22,23]. 
The inhibitor of cdk4 (INK4) family members (p15INK4B, 
p16iNK4A pi8iNK4C and p-|9iNK4D) jnhibit specifically cdk4 

and cdk6. The p16 gene, or MTS1 (Multi-Tumor Suppres- 
sor 1), was discovered as a tumour suppressor that is 
deleted in many cancers [31]. Loss of p15, located near 
p16 on chromosome 9p, may contribute to loss of G^ 
arrest by TGF-ß (see below). 

The kinase inhibitor protein (KIP) family presently consists 
of three members, p21WAF1/c'P1, p27K'P1 and p57K'P2. The 
KIPs bind and inhibit a broader spectrum of cdks than do 
the INK4s. p21 is low in serum-deprived quiescence, but 
p21 levels and p21 binding to D-type cyclin-cdk com- 
plexes increase in early Gt phase. In addition to regulating 
G1 phase progression, p21 acts to coordinate cell cycle 
responses to DNA damage [23]. p27K'P1 was first identi- 
fied as a heat stable protein whose binding to cyclin 
E-cdk2 complexes that was increased by TGF-ß, lovo- 
statin, or contact inhibition [32,,33,34*,35',36]. p27 is 
high in G0 and early G, phase and decreases during G, to 
S phase progression. p27 degradation by ubiquitin- 
dependent proteolysis [37] is activated by many different 
growth factors and may involve ras pathways [38-42]. 
Although cyclin E-cdk2 phosphorylates p27 on Thr187 
leading to its degradation in late G, phase [43,44], other 
kinases may also influence p27 function and/or degrada- 
tion. The possibility that mitogenic signalling pathways that 
modulate p27 phosphorylation also oppose Smad activa- 
tion by TGF-ß is the subject of intensive investigation. 

Although p21 and p27 inhibit cyclin E-cdk2, they also 
function in the assembly and activation of cyclin D-cdk4 
and cyclin D-cdk6 complexes. KIP-mediated assembly of 
D-type cyclin-cdks in early G, phase may facilitate activa- 
tion of E-type cyclin-cdks through sequestration of KIPs 
away from cyclin E complexes [45*,46']. 

Mechanisms of cell cycle arrest by TGF-ß 
TGF-ß inhibits phosphorylation of the retinoblastoma protein 
Cells are sensitive to TGF-ß during a discrete period in 
early G1 phase, until they reach a 'restriction point' 6-10 h 
after G0 release [47*,48]. When TGF-ß is added after this 
critical time point, cells complete the cell cycle but arrest 
during the subsequent G1 phase. Laiho et al [47*] 
observed that TGF-ß inhibits pRb phosphorylation when it 
is added in early G, phase. This key observation sug- 
gested that TGF-ß was acting before the G, to S phase 
transition to inhibit a pRb kinase, and led to the investiga- 
tion of TGF-ß effects on cell cycle regulators. These 
studies have shown that TGF-ß prevents or inhibits G^ 
cyclin-cdk activation through multiple mechanisms, 
leading to pRb dephosphorylation (Fig. 2). E2F activity is 
also impaired by TGF-ß through a decline in E2F mRNA 
levels [49]. The observation that E2F overexpression can 
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prevent TGF-ß-mediated arrest [49] emphasizes the 
importance of the effects of TGF-ß on pRb and E2F. 

TGF-ß downregulates c-myc 
In many cell types, TGF-ß causes a rapid inhibition of 
c-myc transcription [2,16,50]. Transcriptional regulation 
by the c-Myc protein is required for G^ to S phase pro- 
gression. Downregulation of c-myc by TGF-ß is believed 
to be important for arrest, because c-myc overexpression 
causes TGF-ß resistance [2,51*]. Repression of the c-myc 
gene by TGF-ß may directly or indirectly contribute to the 
loss of G, cyclins [52,53], to downregulation of Cdc25A 
[54'] and to the induction of the cdk inhibitor p15 [55*] 
(see below). 

Effects on G,/S cyclins 
TGF-ß causes loss of G, cyclins in a cell-type-dependent 
manner. Cyclin A expression is downregulated by TGF-ß 
in most cell types [32",56"] and a TGF-ß-regulated region 
of the cyclin A promoter has been identified [57]. Effects 
of TGF-ß on cyclin E differ among different cell lines. For 
example, in HaCat keratinocytes TGF-ß decreases both 
mRNA and protein levels of cyclin A and cyclin E, whereas 
in HMECs cyclin E mRNA is reduced but protein levels 
are not [32*,56*]. Although cyclin D, levels are decreased 
by TGF-ß in some cell types, this usually occurs late as a 
consequence of arrest [58,59*]. 

Cooperation between p15 and p27 
In epithelial cells, including HMECs, the INK4 and the KIP 
proteins collaborate to inhibit D-type cyclin-cdks and 
E-type cyclin-cdks to bring about G1 arrest by TGF-ß 
[60*,61*]. p15INK4B was first cloned as a gene upregulated 
by TGF-ß [62*] and its induction involves an Sp1 site in 
the promoter [63]. TGF-ß induces p15'NK4B and stabilizes 
the p15 protein, leading to p15 binding and inhibition of 
cdk4 and cdk6. Cyclin D, and KIP molecules dissociate 
from cdk4 and cdk6, and p27 accumulates in cyclin 
E-cdk2 complexes, inhibiting the latter [60*,61*]. A late 
downregulation of cyclin D, and cdk4 follows G, arrest. 
TGF-ß appears to actively regulate p27's affinity for its 
targets, independent of p15 function, favouring p27 accu- 
mulation in cyclin E complexes [61*]. 

Upregulation of p21 expression 
In normal HMECs, TGF-ß affects neither p21 levels, nor 
the binding of p21 to target cdks [61*]. In other cell types, 
TGF-ß induction of p21 plays a role in cdk inhibition 
[59*,64*,65] and its upregulation is independent of p53 
[64*,66*]. The p21 gene may be a downstream target of 
Smad4, because transient overexpression of Smad4 
induces p21 mRNA [67]. Like p15, the p21WAF1/CiP1 gene 
promoter contains Sp1 sites that are regulated by TGF-ß 
in reporter gene assays [63,68]. Other cdk inhibitors, p16, 
p18, p19 and p57, have not to date been implicated in 
TGF-ß-mediated arrest. 

Figure 2 

Mechanisms of cell cycle arrest by transforming growth factor (TGF)-ß 
and their deregulation in cancer. TGF-ß receptor activation leads to 
Smad2 phosphorylation. Phosphorylated Smad2 then binds Smad4 
and the Smad2-Smad4 complex translocates to the nucleus to 
modulate transcription. Although p15 and p21 genes are induced and 
c-myc and Cdc25A repressed by TGF-ß, these may not be direct 
effects of Smad2-Smad4 action (dotted lines). TGF-ß inhibits G, 
cyclin-cyclin-dependent kinases (cdks) by increasing p15 binding to 
cdk4 and cdk6 and by increasing p27 (+/- p21) binding to cyclin 
E-cdk2, thereby inhibiting retinoblastoma protein (pRb) 
phosphorylation. 'Components of the TGF-ß effector pathway that are 
mutated and/or functionally inactivated in human cancers; "molecules 
whose activation or overexpression may contribute to TGF-ß arrest 
resistance. 

Effects on cdk2 phosphorylation 
TGF-ß also regulates cdk2 phosphorylation. In MvlLu 
cells, TGF-ß inhibits cdk2 in part by inhibiting phosphory- 
lation on Thr160 [32*,34*]. p27 can inhibit CAK access to 
cyclin-bound cdks in vitro [29]. Thus, TGF-ß may prevent 
CAK action by increasing the binding of p27 to cyclin 
E-cdk2. In HepG2 cells, however, TGF-ß inhibits the 
enzymatic activity of Caklp [69], indicating an alternative 
mechanism for the inhibition by TGF-ß of Thr160 phos- 
phorylation of cdk2. 
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Dephosphorylation of inhibitory sites on cyclin E-bound 
cdk2 is required for G, progression and is required for Gt 

to S phase progression [30], In a human breast epithelial 
line, TGF-ß reduced Cdc25A expression in association 
with an increase in inhibitory cdk phosphorylation [54*]. 
The effect on Cdc25A expression may be secondary to 
the repression by TGF-ß of c-myc, because in some cell 
types Cdc25A is induced by c-myc [70']. 

Loss of TGF-ß mediated Gt arrest in cancer 
In nontransformed epithelial cells, TGF-ß causes G1 arrest 
through downregulation of c-myc, inhibition of the Q^ cdks 
and hypophosphorylation of pRb. Overlapping or redun- 
dant cell cycle controls assure growth arrest. In malig- 
nantly transformed cells, however, this redundancy is often 
lost and carcinoma-derived cells are usually refractory to 
growth inhibition by TGF-ß [10]. Indeed, in advanced 
cancers, TGF-ß may promote tumour growth and metasta- 
tic progression [71]. In this part of the discussion, we 
review how dysregulation of many different cell cycle 
mechanisms abrogate TGF-ß arrest in cancer (Fig. 2). 

Altered cdk inhibitor expression and function 
Dysregulation of the INK4 family may contribute to TGF-ß 
resistance in cancer. In human tumours, deletion of p15 
often accompanies p16 deletion due to their proximity on 
chromosome 9p [72-74]. Silencing of p15 through pro- 
moter hypermethylation, which is observed in leukaemias, 
is associated with loss of TGF-ß sensitivity [75,76], In 
other TGF-ß-resistant cells, however, p15 protein levels 
may increase normally, indicating that, at least in these 
lines, a functional p15 is not sufficient to mediate arrest by 
TGF-ß [65], 

Although p15 and p27 cooperate to inhibit the G1 

cyclin-cdks in normal cells, neither of these cdk inhibitors 
are essential for G1 arrest by TGF-ß. p15 is clearly not 
essential for TGF-ß-mediated G, arrest, because cells 
bearing p15 deletions can respond through upregulation 
of p21 and p27 [59*,65], or downregulation of Cdc25A 
[54*]. Lymphocytes from p27-null mice can still arrest in 
response to TGF-ß [77]. Nonetheless, the requirement for 
p27 in arrest by TGF-ß may differ in normal and trans- 
formed cells. Although inhibition of p27 expression 
through antisense p27 oligonucleotide transfection did 
not abrogate TGF-ß-mediated arrest in finite lifespan 
HMECs, it did do so in breast cancer-derived lines 
(Donovan J, Slingerland J, unpublished data). In normal 
cells, multiple redundant pathways cooperate to mediate 
arrest, but in cancer cells the progressive loss of other 
checkpoints may make p27 indispensable for TGF-ß- 
mediated arrest. 

The antiproliferative role of p27 is frequently disrupted in 
human cancers. Although mutations in p27 are rare 
[78,79],   accelerated   proteolysis  causes  reduced   p27 

protein in many cancers, including breast, and may con- 
tribute to TGF-ß resistance [37,80-82], Less often, 
primary tumours may exhibit strong cytoplasmic p27 
expression associated with poor prognosis. Cytoplasmic 
p27 has been observed in some advanced cancer-derived 
lines [83], Thus, some cancers may express a stable but 
inactivated p27. In a TGF-ß-resistant HMEC line, we have 
observed stable cytoplasmic p27 localization, altered p27 
phosphorylation and impaired binding of p27 to cyclin 
E-cdk2 (Ciarallo S, Slingerland J, unpublished data). The 
elucidation of how of mitogenic signalling pathways alter 
p27 inhibitor function may prove important insights into 
mechanisms of TGF-ß resistance (see below). 

Altered KIP function has also been observed in TGF-ß- 
resistant prostate cancer cells. Although TGF-ß caused an 
upregulation in p21-cdk2 binding, this kinase was not 
inhibited, suggesting that p21 may not function normally in 
these cells [84], Loss of p21 has also been observed in 
advanced breast cancers in association with a poor 
patient prognosis [85,86], As for p27, functional inactiva- 
tion of p21 could contribute to TGF-ß resistance during 
breast cancer progression. 

Cyclin overexpression and TGF-ß resistance 
Overexpression and/or amplification of the cyclin D1 gene is 
seen in up to 40% of breast cancers [87,88] and could con- 
tribute to TGF-ß resistance. Indeed, cyclin D1 transfection of 
an oesophageal epithelial line conferred resistance to TGF-ß 
[89]. Increased cyclin E protein has also been observed in 
breast cancers [80,90]. Constitutive overexpression of cyclin 
E does not confer TGF-ß resistance in Mv1 Lu cells, however 
(Slingerland J, Reed S, unpublished data). Pathways that link 
impaired cyclin degradation with loss of cell cycle responses 
to TGF-ß have yet to be elucidated. 

Cdk4 gene amplification and activating mutation 
Although loss of cdk4 does not contribute significantly to 
arrest by TGF-ß because it occurs after most cells have 
entered G, phase [60*], ectopic cdk4 expression can 
abrogate TGF-ß-mediated arrest [91*]. The increased 
cdk4 level may exceed titration by p15 and, in addition, 
sequestration of KIPs away from cyclin E-cdk2 into newly 
formed cyclin D-cdk4 complexes may lead to loss of cdk2 
inhibition. Overexpression of cdk4 may contribute to 
TGF-ß resistance in human cancers. Amplification of the 
cdk4 gene occurs in primary breast cancers [92] and 
dominant active cdk4 mutations have been observed in 
human malignant melanoma [31]. 

Activation of c-myc, and TGF-ß resistance 
TGF-ß arrest-resistant cells often fail to downregulate 
c-myc [65]. Moreover, oncogenic activation of c-myc, 
which is seen in a number of human malignancies, includ- 
ing breast cancer, may impair TGF-ß responsiveness 
through a number of mechanisms. 
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Overexpression of c-Myc may increase G, cyclin levels. 
c-Myc may regulate indirectly the expression of cyclins D1t 

E and A [52,53]. c-Myc induction of cyclin D, or cyclin D2 

may lead to the sequestration of p27 and p21 away from 
cyclin E-cdk2, and thus contribute to cyclin E-cdk2 acti- 
vation [93,94]. These effects, however, which are best 
demonstrated in fibroblast lines, may not be relevant to 
TGF-ß resistance in epithelial cells. In Mv1 Lu cells, c-myc 
overexpression prevents arrest by TGF-ß in part by inhibit- 
ing p15 induction [55*]. c-Myc effects on D-type cyclin 
expression and cyclin D-cdk4 complex formation were not 
sufficient to account for loss of the TGF-ß response. Thus, 
repression of p15 by c-Myc may be important in the 
arrest-resistant phenotype. 

Additional mechanisms link c-Myc with cyclin E-cdk2 acti- 
vation. Overexpression of c-myc can induce a heat labile 
factor that binds p27 and inhibits its association with 
cyclin E-cdk2 [95]. This effect is independent of p27 
degradation. Although in some cell types cyclins D, and 
D2 may be the c-myc-induced inhibitors of p27 [93,94], in 
other models the c-myc-induced inhibitor of p27 appears 
to be independent of D-type cyclins [95]. 

Oncogenic activation of c-myc may lead to Cdc25A over- 
expression and loss of TGF-ß-mediated repression of 
Cdc25A [54*]. Overexpression of Cdc25A is observed in 
primary breast cancers and is associated with a poor 
patient prognosis (Loda M, personal communication). The 
increased Cdc25A may represent one of the checkpoints 
whose disruption makes subsequent disruption of p27 
function more critical during breast cancer progression. 

Activation of Ras and its effector pathways and TGF-ß 
resistance 
Overexpression of activated Ras has been shown to abro- 
gate the antimitogenic effects of TGF-ß [96], Mutational 
activation of ras is common in many human cancers and 
may be linked to TGF-ß resistance through a number of 
mechanisms. Activated Ras can interfere with TGF-ß sig- 
nalling by altering Smad2 phosphorylation and signal 
transduction [97]. Moreover, Ras activation can increase 
cyclin D1 levels through both transcriptional and post- 
translational mechanisms [38,98,99]. Ras activation also 
accelerates p27 degradation [40,41], in some models 
requiring coexpression of Myc [39]. Although ras muta- 
tions are not commonly observed in breast cancer, epider- 
mal growth factor (EGF) and ErbB2 overexpression are, 
and both activate the Ras effector phosphatidylinositol-3 
kinase [100]. Oncogenic activation of different ras effector 
pathways may abrogate p27 function [41,101], contribut- 
ing importantly to TGF-ß resistance. 

Regulation of other G, events by TGF-ß 
p53 may play a role in the TGF-ß response in some cells. 
In murine keratinocytes, introduction of mutated p53 led to 

TGF-ß resistance, and a correlation between p53 mutation 
and loss of responsiveness to TGF-ß-mediated arrest has 
been observed in several cancers [102-104]. 

Constitutive expression of mdm2 can give rise to TGF-ß 
resistance. Although the Mdm2 protein binds to p53 to 
mediate p53 proteolysis, the effects of Mdm2 on TGF-ß 
sensitivity appear to be independent of p53 function, 
because expression of an Mdm2 mutant that failed to bind 
p53 also conferred resistance [105]. Because overexpres- 
sion of Mdm2 occurs in about 73% of breast cancers, this 
too may play a role in TGF-ß resistance in vivo [85,106, 
107], 

Conclusion 
During the past decade the anatomy of cell cycle regula- 
tion has been 'worked out'. TGF-ß-induced G1 arrest 
occurs through induction of p15 and p21 genes, repres- 
sion of the c-myc, Cdc25A, cyclin E and cyclin A genes, 
and an increase in the association of p15, p21 and p27 
with target cdks. Inactivation of G, cyclin-cdks leads to 
pRb dephosphorylation and E2F inhibition. The discovery 
of the Smads as both transducers of TGF-ß signalling and 
transcriptional regulators has been a major advance in this 
field. Mitogenic signalling via ras/mitogen-activated 
protein kinase has been shown to interfere with Smad 
activation [11]. It will be of interest to ascertain whether 
cross-talk with Smads can also negatively regulate com- 
ponents of mitogenic signal transduction pathways. How 
growth factors and mitogenic pathways influence the tran- 
scriptional activation, intracellular localization and degra- 
dation of cyclins and cdk inhibitors is only beginning to be 
mapped. As these mechanisms are elucidated, we will be 
able to move from the myopic view of cyclin-cdk regula- 
tion in the nucleus, to a broader three-dimensional view of 
cell cycle regulation that encompasses extracellular and 
cytoplasmic signalling pathways. The next frontiers lie in 
the cytoplasm and at the gateway of the nuclear pore as 
we begin to elucidate how TGF-ß/Smad signalling inter- 
faces with transducers of mitogenic signals to regulate 
cyclin-cdk activities. 
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Estrogens and antiestrogens influence the Gi phase of the cell cycle. 
In MCF-7 breast cancer cells, estrogen stimulated cell cycle progression 
through loss of the kinase inhibitor proteins (KIPs) p27 and p21 and 
through Gi cyclin-dependent kinase (cdk) activation. Treatment with 
antiestrogen drugs, Tamoxifen or IC1182780, caused cell cycle arrest, 
with up-regulation of both p21 and p27 levels, an increase in their 
binding to cyclin E-cdk2, and kinase inhibition. The requirement for 
these KIPs in the arrests induced by estradiol depletion or by anties- 
trogens was investigated with antisense. Antisense inhibition of p21 
or p27 expression in estradiol-depleted or antiestrogen- 
arrested MCF-7 led to abrogation of cell cycle arrest, with loss of cyclin 
E-associated KIPs, activation of cyclin E-cdk2, and S phase entrance. 
These data demonstrate that depletion of either p21 or p27 can mimic 
estrogen-stimulated cell cycle activation and indicate that both of 
these KIPs are critical mediators of the therapeutic effects of anti- 
estrogens in breast cancer. 

Estradiol is mitogenic in up to 50% of de novo breast cancers, 
causing recruitment of quiescent cells into Gi and shortening 

the Gi-to-S phase interval (1, 2). Although 70% of breast cancers 
express the estrogen receptor (5ER), only two-thirds of these will 
respond to antiestrogens, of which, Tamoxifen is the most widely 
used (3,4). Antiestrogens, such as Tamoxifen, its active metabolite, 
4-hydroxytamoxifen (4-OH TAM), and the more potent steroidal 
antiestrogen ICI 182780 (Faslodex) lead to a G0/G] arrest in 
susceptible ER-positive breast cancer cells (5-8). Unfortunately, 
hormonally responsive breast cancers invariably develop resistance 
to antiestrogens despite the continued expression of wild-type ER 
in most cases (9-12). Estrogens induce conformational changes in 
the ER, which promote its nuclear localization, dimerization, and 
function as a ligand-activated transcription factor (13-15). In ad- 
dition, ligand binding to the ER can rapidly and transiently activate 
signal transduction pathways, notably the mitogen-activated protein 
kinase in breast cancer and in other cell types (16, 17). Because 
antiestrogen resistance usually develops in the presence of an intact 
ER, the mechanisms by which ER modulates the cell cycle may be 
altered during breast cancer progression. The evolution of prostate 
cancer to hormone independence also occurs without loss of the 
androgen receptor (18,19) and may reflect a common mechanism 
of cell cycle misregulation. 

Progression through the cell cycle is governed by a family of 
cyclin-dependent kinases (cdks), whose activity is regulated by 
phosphorylation (20), activated by cyclin binding (21, 22), and 
inhibited by the cdk inhibitors of the inhibitor of cdk4 (INK4) 
family (pl61NK4A, pl5INK4B, pl8, and pl9) and kinase inhibitor 
protein (KIP) family (P21WAF-I/CIP-1; p27Kipi; and p57KiP2. refs 

22-24). Passage through Gi into S phase is regulated by the 
activities of cyclin D-, cyclin E-, and cyclin A-associated kinases. 
Although p27 protein is strongly expressed in normal mammary 
epithelial tissue, decreased levels of p27 protein in primary 
breast cancers are correlated with poor prognosis (25, 26) and 
steroid independence (25). Reduced p21 levels have also been 
associated with a poor prognosis in some breast cancer studies 

(27-29). Expression of the ER, a good prognostic factor in breast 
cancer, is associated with higher levels of both p21 and p27 
proteins (25, 27, 28, 30). Our observation that loss of p27 was 
strongly associated with hormone independence (25) stimulated 
the present investigation of the role of these KIPs in cell cycle 
effects of estrogen and antiestrogens in breast cancer cells. 

Although recent reports correlate estrogenic stimulation with 
activation of cyclin E-cdk2, some suggest the importance of the 
cdk inhibitor p21 (31, 32) and others emphasize a role for p27 
(33). An understanding of how estrogens and antiestrogens 
influence the cell cycle and the mechanisms of their alteration 
in cancer progression may facilitate the development of new 
hormonal treatments for breast cancer and other hormone- 
dependent cancers. The present study provides evidence that 
both p21 and p27 play essential roles in the cell cycle arrest of 
breast cancer cells by antiestrogens. 

Materials and Methods 

Cell Culture and Synchronization. MCF-7 cells (34) were grown in 
improved modified essential medium (IMEM-option Zn2+) sup- 
plemented with insulin and 5% (vol/vol) FCS. Cells were trans- 
ferred to phenol red-free medium for 48 h and then synchronized 
in quiescence by depletion of estradiol through transfer to IMEM- 
option Zn2+ supplemented with 5% (vol/vol) charcoal-stripped 
FCS for 48 h. 

Analysis of Cell Cycle Regulators. Cells were released from quies- 
cence by readdition of 10 nM 17-jß-estradiol (estradiol) at < = 0 h. 
At intervals thereafter, cells were harvested for cell cycle analysis 
by flow cytometry after BrdUrd pulse labeling and propidium 
iodide counterstaining (35) and for Western analysis of cyclins E, 
Dl, A, and B, as well as cdk2, cdk4, cdk6, pl5, p21, and p27 proteins 
(from 20-50 fig of protein extract) as described (36). Equal protein 
loading was verified by probing these blots with antibody to ß-actin 
(Sigma). Quantitation of proteins on Western and immunoprecipi- 
tation-Westem blots was done by densitometry with IMAGEQUANT 
software. Cyclin E was immunoprecipitated from 100-150 /xg of 
protein lysate with anti-cyclin E mAb 172 and associated proteins 
detected by immunoblotting or associated kinase assayed with 
histone HI as substrate as described (36). At the times indicated, 
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Cdk4 immunoprecipitates (polyclonal antibody from Santa Cruz 
Biotechnology) were analyzed for associated proteins, and cyclin 
Dl was immunoprecipitated from 200 jag of protein with DCS-11 
antibody (Neomarkers, Freemont, CA) for kinase assays with pRb 
substrate as described (37). Immunohistochemical analysis of p27 
was undertaken at the indicated times after addition of estradiol as 
described (25). 

Analysis of Cell Cycle Arrest by Inhibition of ER Signaling. Asynchro- 
nous MCF-7 cultures were either depleted of estradiol as de- 
scribed above or arrested by addition of 1 juM 4-OH-TAM 
(Sigma) or 10 nM ICI182780 {7a-[9-(4,4,5,5,5-pentafluoropen- 
tylsulfinyl)nonyl]estra-l,3,5(10),-triene-3,17|3-diol; Zeneca 
Pharmaceuticals, Wilmington, DE} to complete medium, and 
samples were collected at 0, 12, 18, 24, and 48 h thereafter for 
protein and flow cytometric analyses. p21, p27, cyclins E, and Dl 
proteins were assayed by Western analysis, and cyclin E-associ- 
ated cdk2, p21, p27, and histone HI kinase activities were 
assayed as in ref. 36. 

Antisense Oligonucleotide Transfections. Phosphorothioate oligo- 
nucleotide sequences were as follows: GS5422 antisense p27 
(ASp27), 5'-TGGCTCTCXTGCGCC-3'; GS5585 mismatch p27 
(MSMp27), 5'-TGGCTCXCTTGCGCC-3'; GS6008 antisense 
p21 (ASp21), 5'-TCCGXGCCCAGCTCC-3'; GS6074 mismatch 
p21 (MSMp21), 5'-TCCGXCGCCAGCTCC-3'. X indicates the 
G clamp modification of these oligonucleotides (38). MCF-7 
cells rendered quiescent by estradiol depletion or by treatment 
with 10 nM ICI 182780 or 1 /AM 4-OH TAM were transfected 
with 120 nM oligonucleotides by using 2.5 Mg/ml cytofectin 
G3815 (Gilead Scientific, Foster City, CA) for 6 h as described 
(38, 39), followed by replacement with complete medium. Flow 
cytometry and protein analysis were performed at 1,21, and 28 h 
thereafter. Neither p21 nor p27 was increased in mismatch 
controls compared with lipid-only transfections. 

Metabolic Labeling. Before and at 1 h and 21 h after completion 
of antisense oligonucleotide transfection, cells were metaboli- 
cally labeled, followed by immunoprecipitation of p21 and p27. 
Cells were incubated for 30 min in 8 ml of a-MEM lacking 
methionine and then labeled metabolically for 1 h with 500 fid 
[35S]methionine in 2 ml of a-MEM lacking methionine. Cells 
were lysed on ice, clarified by centrifugation, and precleared with 
1 fig of nonspecific rabbit polyclonal IgG and protein A Sepha- 
rose beads. [35S]Methionine incorporation was quantitated as 
trichloroacetic acid-insoluble counts. Lysates volumes represent- 
ing equal amounts (108 cpm) of total trichloroacetic acid- 
incorporated counts were immunoprecipitated for 1 h with 
either p21 or p27 antibody or with control nonspecific rabbit 
polyclonal IgG. Immune complexes were collected on protein A 
Sepharose beads, washed three times, and eluted into Laemmli 
buffer. Samples were resolved by SDS/PAGE; gels were dried; 
and labeled proteins were visualized by autoradiography. 

Results and Discussion 
Estradiol stimulates a shift of KIP proteins from cyclin E-cdk2 into 
cyclin Dl-cdk4. Estradiol stimulation of steroid-deprived, quies- 
cent MCF-7 breast cancer cells induced synchronous cell cycle 
reentry. S phase entrance was detected by 12 h, with the peak 
percentage of S phase cells at 24 h (Fig. L4). The levels of cyclin E, 
cdk2, and cdk4 remained constant, and pl51NK4B protein levels fell 
as cells moved into Gj (data not shown). MCF-7 cells do not express 
pl6INK4A because of deletion of this gene (40). Cyclin Dl was not 
detected in quiescent cells but rose within 3 h of estradiol addition 
and remained constant thereafter. p21 and p27 protein levels fell by 
3- and 5-fold, respectively, by 24 h (Fig. IB). Immunohistochemical 
analysis of p27 supported the immunoblotting data (Fig. 1C). 
Estradiol-depleted, quiescent MCF-7 cells showed strong nuclear 
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Fig. 1. Losses of p21 and p27 during estradiol stimulation of quiescent MCF-7 
cells. Quiescent, estradiol-depleted MCF-7 cells were stimulated by readdition 
of 10 nM estradiol, and samples were taken at intervals thereafter. (A) Cell 
cycle synchrony was determined by dual BrdUrd/propidium iodide pulse 
labeling and flow cytometric analysis. (B) p21 and p27 immunoblots revealed 
levels of these proteins during cell cycle progression. (O p27 protein was 
assayed by immunohistochemistry in asynchronous cultures at the indicated 
times after estradiol stimulation of quiescent MCF-7 as described (25). 

p27 staining that was notably reduced by 6 h after addition of 
estradiol and barely detectable above background by 12 h as S phase 
entrance began. 

The pattern of binding of p21 and p27 to cdk4 and cdk2 
complexes differed during estradiol-stimulated cell cycle pro- 
gression in MCF-7. Cdk4-bound p27 was abundant in estradiol- 
depleted cells and increased in parallel with the increased 
assembly and activation of cyclin Dl-cdk4 between 3 and 9 h 
after estradiol addition (Fig. 2 A and B). Cyclin Dl-dependent 
kinase activities and cyclin Dl binding to cdk4 were reduced by 
12 h and undetectable by 16 h. Although p21 protein was 
elevated, very little p21 was detectable in cdk4 complexes in 
quiescent MCF-7. As for p27, cyclin Dl-cdk4 assembly was 
accompanied by increased p21 binding, in keeping with the 
function of p21 and p27 as positive regulators of cyclin Dl-cdk4 
assembly (37, 41). Although cyclin D2 and cdk6 are detectable 
in MCF-7, cyclin Dl-cdk4 has been shown to be the major 
D-type cdk in these cells (31, 32). In contrast to their pattern in 
cyclin Dl complexes, activation of cyclin E-cdk2 after estradiol 
stimulation was correlated with loss of p27 and p21 from cyclin 
E-cdk2. Cyclin E-cdk2 activation was correlated with S phase 
entrance (Fig. 2 B and C). 
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Fig. 2. Different patterns of KIP binding during cyclin D1-cdk4 and cyclin 

E-cdk2 activation. Cdk4 {A) and cyclin E (O immunoprecipitates (IP) from cell 
lysates recovered at intervals after readdition of estradiol to steroid-depleted 
MCF-7 cells were resolved and analyzed by immunoblotting with the indicated 
antibodies. Cyclin DI (ß) and cyclin E (D) immunoprecipitates were assayed for 
kinase activity (36) at intervals after estradiol stimulation of quiescent MCF-7. 

p21 and p27 Bind and Inhibit Cyclin E-cdk2 on Interruption of 
Mitogenic ER Signaling. To investigate further cell cycle regulation 
by estrogen, ER signaling was interrupted in asynchronous 
MCF-7 cultures in three ways: by treatment with the pure ER 
antagonist ICI 182780, by the addition of antiestrogen 4-OH 
TAM, or by steroid depletion. All induced quiescence, with the 
S phase fraction falling from 29-36% to 1-5% over 48 h with a 
corresponding increase in the percentage of cells in G0/Gi phase 
(data shown for ICI 182780 in Fig. 3). p21 and p27 proteins 
increased, as did their binding to cyclin E-cdk2, in parallel with 
kinase inhibition (Fig. 35). Although levels of cyclin E-bound 
cdk2 were unchanged, there was an accumulation of the slower- 
mobility, non-CAK-activated cdk2, lacking Thr-160 phosphor- 
ylation. The pattern of increase in p21 and p27 and of their 
binding to cyclin E during estradiol depletion and 4-OH TAM 
arrest were similar to that shown for ICI 182780 in Fig. 3B. The 
loss of cyclin Dl observed during antiestrogen treatment would 
lead to dissociation of KIPs from cyclin Dl complexes and foster 
KIP inhibition of cyclin E-cdk2 (42, 43). 

These data and earlier work support the notion that estrogens 
and antiestrogens work through changes in p21 and p27 levels. 
Foster and Wimalasen (33) showed that p27 immunoprecipita- 
tion significantly depleted cyclin E-cdk2 inhibitory activity from 
serum and amino acid-starved MCF-7 cells. Others showed that 
most of the cyclin E-cdk2 inhibitory activity in Tamoxifen- or 
ICI 182780-arrested MCF-7 was removed by immunodepletion 
of p21. However, immunodepletion of both p21 and p27 was 
required to deplete fully cyclin E from arrested cells, indicating 
that cyclin E is bound to either p21 or p27 in an ER-blocked 
arrest state (31, 32, 42). These authors proposed that the 
estradiol-stimulated up-regulation of cyclin Dl served to seques- 
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Fig. 3. p21 and p27 proteins increase during G0/G1 arrest by ER blockade. 
Asynchronously growing MCF-7 cells were treated with the ER-blocking drug 

IC1182780 (Faslodex) at time 0 h, and samples were collected for flow cytom- 
etry or protein analysis attimes indicated. (A) Cell cycle distribution before and 

48 h after drug treatment. (S) Lysates were analyzed by immunoblotting with 
the indicated antibodies. Cyclin E immunoprecipitates were immunoblotted 
for associated p21 or p27 or analyzed for associated histone H1 kinase activity 
as described in ref. 36. Similar results were obtained for arrests with 4-OH TAM 

or after transfer to estradiol-depleted, charcoal-stripped serum. 

ter p21 away from cyclin E complexes leading to activation of 
cyclin E and pRb phosphorylation. However, none of these 
earlier studies definitively established a requirement for p21 and 
p27 in cell cycle arrest by antiestrogens. 

p21 and p27 Are Essential Mediators of Arrest by Antiestrogens. To 

test directly whether p21 and p27 play essential roles in the cell 
cycle arrest after blockade of ER signaling in MCF-7 cells, we 
used antisense oligonucleotides to inhibit p21 (ASp21) or p27 
(ASp27) expression in cells arrested by ICI 182780,4-OH TAM, 
or estradiol depletion (data shown for ASp27 in estradiol- 
depleted MCF-7 in Fig. 4). A G clamp heterocycle modification, 
a cytosine analog that clamps onto a guanine, was designed to 
enhance antisense/RNA interaction and showed increased a'il- 
tisense oligonucleotide potency over the C5 propynyl-modified 
oligonucleotides used in earlier assays (38, 39). Within 1 h of 
transfection, ASp27-treated cells showed a 4-fold reduction in 
p27 but no loss of p21 (Fig. AA), and p27 levels reached a nadir 
at about 6 h after transfection. The ASp21 oligos showed a 
similar specificity with no immediate loss of p27. Metabolic pulse 
labeling of ASp27-transfected cells showed specific inhibition of 
p27 synthesis but no effect on p21 protein synthesis at 1 and 21 h 
after completion of the transfection (Fig. AA). 

Treatment with ASp27 led to hyperphosphorylation of pRb 
and pl30, CAK phosphorylation at Thr-160 on cdk2 (Fig. AB), 
loss of p27 binding to cyclin E-cdk2, and cyclin E-cdk2 activa- 
tion (Fig. 4 C and£>), all consistent with stimulation of Gi-to-S 
phase progression. Similar findings were observed for ASp21- 
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Fig. 4. Requirement of p27 for cell cycle arrest by estradiol depletion. (A) 
Estradiol-depleted MCF-7 cells were lysed before (left lane) or 1 h after exposure 
to lipid only (L), A5p27 (AS), or MSMp27 (MSM) and were immunobiotted for p21 
and p27. Before and at 1 and 21 h after ASp27 transfection, cells were metabol- 
ically pulse labeled with [35S]methionine, and p21 and p27 were immunoprecipi- 
tated from lysates containing equal trichloroacetic acid incorporation. The posi- 
tions of metabolically labeled p27 are indicated by arrows. A nonspecific band, 
migrating close to p27 was present in all lanes, including the control nonspecific 
IgG lane. (B) Immunoblotting shows cell cycle regulatory protein levels before 
(left lane) or 21 h after transfection of lipid alone (L), ASp27, or MSMp27. Cyciin 
E immunoprecipitates (IP) were recovered from the same lysates as in Babove and 

immunobiotted to detect associated proteins (O or assayed for cyciin E-associated 
histone H1 kinase activity (D). (£) Flow cytometry 21 h after transfection with 
ASp27, lipid alone, or MSMp27. 

treated cells. ASp21 treatment of cells arrested by estradiol- 
depletion, 4-OH TAM, or ICI182780 showed loss of p21 and loss 
of p21 from cyciin E-cdk2 with activation of this kinase accom- 
panying S phase entry (not shown). These effects were not 
observed in the mismatch and lipid control groups. Results 
shown are representative of up to three repeat experiments. It is 
notable that ASp27-treated cells showed late down-regulation of 
p21 at 21 h after transfection. Metabolic labeling of ASp27- 
transfected cells showed persistent specific inhibition of p27 
synthesis at 21 h but no inhibition of p21 synthesis as cells were 
entering S phase. Thus, the reduction of p21 protein is not due 
to inhibition of p21 synthesis by the ASp27 oligo. Rather, the 
ASp27-induced inhibition of p27 synthesis was sufficient to move 
cells out of quiescence, and the subsequent loss of p21 most likely 
reflects the changes in posttranslational regulation of p21 lead- 
ing to its degradation at the Gi-to-S phase transition (44). Data 
in Fig. AA-C for ASp27 treatment of ICI 182780-arrested cells 
were similar to results for ASp27 treatment of cells arrested by 
estradiol depletion or 4-OH TAM (not shown). Despite the 
continued blockade of ER signaling, ASp21 or ASp27 transfec- 
tion stimulated cell cycle entry of cells arrested by steroid 
depletion, 4-OH TAM, or ICI 182780. The S phase fraction rose 
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Fig. 5. Requirement for p21 and p27 in d arrest by ER-blocking drugs or 

estradiol-depletion. MCF-7 cells were arrested by estradiol depletion or by 
treatment with 4-OH TAM or IC1182780. The graph indicates the percentage 
of S phase cells after a 21-h exposure to lipid only (black bars), antisense (white 

bars), or mismatch (hatched bars) oligonucleotldes to either p21 or p27. 

to 21-26% at 21 h (or 15 h after reaching minimum levels of the 
AS-targeted KIP protein, Figs. AE and 5) and 29-36% at 28 h 
after transfection. Thus, ASp21 or ASp27 was sufficient to mimic 
the effect of estradiol on Gi-to-S phase progression in MCF-7 
cells. These data indicate that a key effect of ER signaling is to 
relieve KIP-mediated inhibition of cdk2. 

ASp27 not only inhibits p27 synthesis but would also lead to 
an increase in p27 degradation. As cyciin E-cdk2 is liberated 
from bound p27, it then phosphorylates remaining p27 mole- 
cules on Thr-187, thereby accelerating p27 degradation (45-47). 
Moreover, the activation of cyciin E-cdk2 is autocatalytic 
through activation of Cdc25A by cyciin E-cdk2 (48, 49). Thus, 
a relatively small initial reduction in p27 can stimulate a signif- 
icant loss of p27 from cyciin E complexes. 

Although breast cancer cells arrested by interruption of ER 
signaling have high levels of both p21 and p27, only p27 is 
elevated in serum-starved fibroblasts, and p27 is essential for 
arrest by serum starvation in immortalized fibroblasts (50, 51). 
Although p21 can compensate in part for the lack of p27 in 
serum-starved p27-null murine embryo fibroblasts (52), the 
mechanisms of quiescence induced by serum starvation in 
fibroblasts and those induced by steroid depletion in malignant 
breast epithelial cells differ importantly. Our data demonstrate 
that the cell cycle arrest induced by estradiol depletion or ER 
blockade requires both p21 and p27 and that these KIPs are not 
merely up-regulated as a consequence of cell cycle arrest. 

Mitogenic effects of estradiol include the up-regulation of cyciin 
Dl through increased transcription (42, 43) and stabilization of 
cyciin Dl protein by assembly with cdk4 and cdk6 (53,54), the latter 
mediated by p21 and p27 (37, 41). In addition, the present data 
establish definitively that estradiol-mediated losses of p21 and p27 
relieve the inhibition of cyciin E-cdk2 (31, 32, 42). 

In estradiol-depleted MCF-7, although p21 and p27 were 
abundant, they were not competent to stabilize cyciin Dl via 
assembly with its cdk partners. Cyciin Dl synthesis is detectable 
in metabolically labeled quiescent breast epithelial cells, but its 
association with cdk4 or cdk6 is detectable only several hours 
after mitogenic stimulation (ref. 36 and S. Cariou and J. Sling- 
erland, unpublished results). Thus, an important effect of estra- 
diol may be the conversion of p21 and p27 from a form that does 
not support assembly of cyciin D-cdk complexes in Go, to one 
that does. Similarly, in serum-starved fibroblasts, p27 did not 
support cyciin Dl-cdk4 complex formation even after ectopic 
cyciin Dl overexpression (55). Moreover, in p21/p27 null cells, 
overexpression of cyciin Dl did not permit its assembly with cdk4 
(41). After estradiol stimulation in MCF-7, KIP-cyclin Dl-cdk4 
assembly occurred at 6-9 h, whereas the loss of p27 and p21 from 
cyciin E complexes was notable only somewhat later, after the 
time of peak sequestration of these KIPs in cyciin Dl complexes. 
Although induced overexpression of cyciin Dl can abrogate 
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antiestrogen arrest (42, 43), the physiologic up-regulation of 
cyclin Dl stimulated by estradiol in MCF-7 may be insufficient, 
on its own, to mediate the shifts of the KIPs out of cdk2. 

The ubiquitin-mediated degradation of p27 (56-59) requires 
its phosphorylation on Thr-187 (45-47). Degradation of p21 is 
also proteasome dependent but may differ importantly from that 
of p27 (44). Although cyclin E-cdk2 acts in vitro and in vivo to 
phosphorylate p27 on Thr-187, other kinases may act on p27 
before its degradation. The transition of p21 and p27 from potent 
inhibitors of cyclin E-cdk2 in G0 to cyclin D-dependent kinase 
assembly factors may require phosphorylation early in Gi, before 
cyclin E-cdk2 activation. We have observed an increase in p27 
phosphorylation before the reduction in its steady-state levels in 
estradiol-stimulated MCF-7 (S. Cariou and J. Slingerland, un- 
published results). Mitogen-activated protein kinase activation 
has been implicated in p27 degradation (60, 61). It will be of 
interest to determine whether the estradiol-dependent activation 
of mitogen-activated protein kinase (16, 17) or other mitogenic 
kinase pathways regulate the transition of p21 and p27 from 

high-affinity inhibitors of cyclin E-cdk2, to activators of cyclin 
Dl-cdk assembly. 

The approximation that over 4 million women with breast 
cancer are on Tamoxifen worldwide is a minimal estimate (refs. 
3 and 4 and V. C. Jordan, personal communication). An 
increasing body of in vitro data and metaanalysis of large patient 
cohorts have confirmed the requirement for ER expression for 
the therapeutic efficacy of Tamoxifen (3, 4). The present study 
suggests that, in addition to the ER, a breast cancer cell must 
express functional p21 and p27 for Tamoxifen or Faslodex (ICI 
182780) to mediate cytostatic effects. These observations raise 
the hypothesis that deregulation and loss of these KIPs may 
underlie the clinical phenomena of hormone independence and 
antiestrogen resistance in breast cancer. 
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